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Abstract

Diet and movements in fishes are often logistically challenging to study. Trace
element and stable isotope analyses have advanced these fields considerably, but are still
constrained by methodological impediments, such as the tendency towards lethal sampling.
Studying endangered fishes is particularly challenging as representative samples are difficult
to obtain. However, the information gained from such studies is often critical to the recovery
of endangered fishes as knowledge of life history attributes has the potential to greatly
influence the success of management strategies.
I tested the viability of using fin rays in fishes as a non-lethal approach to study diet
and movement patterns over time. I then applied the methods I developed to study the life
history of the critically endangered Goliath Grouper, Epinephelus itajara. Fin ray analyses
have traditionally been used in age and growth studies, as well as in a limited number of
projects that study the chemical constituents of the ray itself. Therefore, I first tested whether
fin rays could be used as chronological recorders of chemical properties over time using a
pseudo-experimental design. By using samples from various aquaria, I had documentation of
the time of capture of every animal used. Based on the assumption that the otolith in fishes
represents a conserved, chronological matrix, I compared trace element concentrations
between the otolith and the fin ray of each individual. In addition I tested whether stable
isotope values of δ13C and δ15N differed between the wild and captive life phases of each
individual. Divalent ions and positively-charged transition metals (e.g., Fe, Co) in particular

vi

showed strong associations between the two structures, suggesting conservation of material.
Stable isotope values of δ13C and δ15N differed between the wild and captive life phases in
most of the fishes sampled, also suggestive of conserved matrices.
I then tested and modeled the differences in δ15N values over time between the
populations of Goliath Groupers on the west and east coasts of Florida. In general, individuals
on the west coast had lower overall values and a larger difference between juvenile and adult
values. The mechanism that caused the differences between coastal populations may have
been an artifact of the environment, rather than different feeding behaviors.
Last, I investigated different nursery habitats for Goliath Groupers in southwestern
Florida. I characterized juvenile nurseries based on the chemical fingerprints of trace
elements within the inorganic matrix of the fin rays. Groupings based on these fingerprints
were surprisingly accurate and can be used to identify essential nursery habitat for the species
in years to come.
This research demonstrated the efficacy of novel techniques that were used to gather
information on the life history of a critically endangered fish in the state of Florida. The results
can be used to influence management strategies in the future, particularly with regard to
nursery habitat use.

vii

Chapter 1. Introduction
Stock assessment techniques, modelling efforts, and ecosystem-based strategies are used
to inform management of fish stocks, but ultimately are limited by the data available to them.
For example, life history strategies of fishes must be understood to inform management
strategies. Life history characteristics of fishes can often define their ecological role, economic
viability, and perhaps most importantly, their strategies to maximize fitness over the course of
their lifetimes, which in turn affects their sustainability. Diet and movement patterns are
paramount components to the life histories of individual fishes. Diet studies provide
researchers with essential information on food web structure (Hyslop 1980), predator-prey
relationships (e.g., Myers et al. 2007, Stallings 2008), and energy transfer through an
ecosystem (e.g., Braga et al. 2012, Nelson et al. 2013). Similarly, movement studies inform
researchers about the presence and absence of particular species, while also leading to
inference on food web dynamics (Winemiller and Jepsen 1998, Edwards and Richardson
2004), energy transfer (Hansson et al. 1997), spawning cycles (Nemeth 2009), and community
structure (e.g., Magoulick and Kobza 2003).
In the state of Florida, a success story is currently unfolding in the field of fisheries
management. The Atlantic Goliath Grouper, Epinephelus itajara, has been historically
overfished throughout its range and remains a critically endangered species (Pusack and
Graham 2009). In response to the exceptionally low abundances, a federal fishing moratorium
was enacted for the species in 1990, meaning that landings of any kind were prohibited
(Sadovy and Eklund 1999). Since that time, the population of Goliath Groupers, particularly in
1

the state of Florida, has begun to show initial signs of recovery (Koenig et al. 2011).
However, along with the recovery has come advocacy to re-open the fishery. If managers are
to consider a strategy which involves the re-opening of the fishery for Goliath Groupers in the
state of Florida, they will need sound information and detailed studies on the animal’s life
history. My work sought to provide such information for Goliath Groupers in order to lay the
foundation for future work on other endangered species and those of management concern.
My dissertation work obtained data via completely non-lethal and minimally invasive
techniques for live specimens in order to study the diet and movement patterns of individuals
over the course of their lifetimes.
In Chapter 2, Life history studies via non-lethal sampling: Using microchemical
constituents of fin rays as chronological recorders, I tested the viability of using fin rays as
non-lethal alternatives to otoliths to study microchemical trends in fishes over time. My work
focused on both the organic and inorganic components of fin rays to test whether stable
isotopes (in the organic matrix) and trace elements (in the inorganic matrix) were conserved
over time.
Microchemical analyses are relatively common in otoliths, but my study was the first to test the
conservative nature of the proteinaceous matrix, specifically a chronology of stable isotopes
(i.e., δ13C and δ15N) that has implications towards trophic and movement trends. The objective
of this study was to test the utility of a novel method to infer attributes of both diet and
movement in fishes over time. The methods created in this chapter were specifically designed
to study life history attributes in endangered fishes, or those of management concern, such as
the Goliath Grouper.
In Chapter 3, Non-lethal approach identifies variability of δ15N values in the fin rays of
2

Atlantic Goliath Grouper, Epinephelus itajara, I examined the trends of δ15N values in the
organic matrix in fin rays of Goliath Groupers over time. I compared dietary patterns by
modelling the trends among individuals from populations on the west and east coasts of
Florida. The goal of this study was to test for differences among individuals between the two
coasts. By examining δ15N values, I made inferences regarding both dietary trends as well as
background levels that contributed to the overall values.

In Chapter 4, Assigning nursery habitats in Atlantic Goliath Groupers (Epinephelus
itajara) using non-lethal analyses of fin rays, I used the concentrations of trace elements in the
inorganic matrix of fin rays in Goliath Groupers to chemically characterize presumed nursery
habitats for the species. The objective of this study was to create a framework that can be
used to assess essential nursery habitats. This was done primarily by creating a baseline of
chemical fingerprints for nursery habitats in 2014, which can be used in several years to assign
exact nurseries for the adult population. Using the results from this study, managers will be
able to assign relative contributions of each nursery habitat to the adult, spawning population.
The work that I have presented in Chapter 2 is meant to set the stage for Chapters 3 and 4.
Before interpreting the microchemical properties of fin rays, I had to evaluate the novel
techniques that I used by testing the conserved nature of the matrices within the rays. This
allowed me to study specific attributes of Goliath Grouper life histories that should be
considered in future management strategies. Overall, the microchemical analyses of fin rays
can be considered for studies in fishes when lethal sampling is not preferred. My work not
only demonstrated the efficacy of the techniques, but also examined life-history characteristics
of an endangered species whose management strategy will soon be re-evaluated.
3
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Chapter 2. Life history studies via non-lethal sampling: Using microchemical constituents
of fin rays as chronological recorders

2.1 Introduction
Micro-chemical techniques can provide complementary information to existing methods
used for fish movement and diet studies. Trace Element Analysis (TEA) of calcified structures in
fishes has not been used extensively in diet studies, but instead has been used to study movement
in fishes (Elsdon et al. 2008). Using TEA, elemental “fingerprints” help researchers map the
movements of fishes by first tracing elemental concentrations along chronological landmarks
within the calcified structures and then comparing the observed trends with known variation in
the ambient environment (Dierking et al. 2012). In comparison, Stable Isotope Analysis (SIA)
has been used to both obtain trophic information (Galvan et al. 2010) and to infer movement
(Gillanders et al. 2003, Dierking et al. 2012). More specifically, δ13C has been used to identify
basal-resource dependence (Hobson 1999, March and Pringle 2003, Solomon et al. 2011) and
δ15N has been used to estimate trophic level (Vanderklift and Ponsard 2003, Galvan et al. 2010).
δ13C and δ15N can also be used to track movements of fishes against background isotopic levels,
which are mapped as “isoscapes” (Graham et al. 2010, Radabaugh and Peebles 2014).
Fish stable-isotope ratios have primarily been measured in muscle tissue. However,
muscle tissue has a turnover rate of weeks to months, and thus the SIA of muscle provides shortterm perspectives (Nelson et al. 2011, Ankjaero et al. 2012). To date, five types of fish tissue
(otoliths, eye lenses, vertebral cartilage, scales, and fin rays) have been used to re-construct
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longer chronological histories of stable-isotope ratios (Estrada et al. 2006, Elsdon et al. 2008,
Wallace et al. 2014, Woodcock and Walther 2014, Tzadik et al. 2015). While all five structures
are effective recorders of stable isotopes, only the analysis of scales and fin rays is non-lethal,
and it can be difficult or impossible to obtain age-specific isotope measurements from fish scales
(Hutchinson and Trueman 2006, Helfman et al. 2009).
Fin rays, as in other calcified structures (e.g., otoliths, fin spines, scales, cleithra),
produce incremental structures that can be used for age and growth determination (McFarlane
and King 2001, Murie and Parkyn 2005, Muir et al. 2008, Khan and Khan 2009, Murie et al.
2009, Glass et al. 2011), although fishes with high metabolic rates such as billfishes
(isoiophorids and xiphiids) cannot be aged using fin rays, apparently due to resorption of annuli
(Antoine et al. 1983).
In a variety of species, studies have documented conserved trace element concentrations
(especially divalent ions such as Ba and Sr) within otoliths and fin rays that correlate with
concentrations in ambient water (e.g., Clarke et al. 2007, Woodcock et al. 2013). While elements
deposit into otoliths and fin rays through different internal pathways, the correlation of certain
elements with the ambient environment suggests layers retain their chemical properties over time
in both structures, rather than being re-worked (Clarke et al. 2007, Allen et al. 2009, Smith and
Whitledge 2010, Jaric et al. 2011, Phelps et al. 2012, Woodcock and Walther 2014). Inner finray layers become encapsulated by growing outer layers, after which the encapsulated inner
layers lose their vascularization, thus inhibiting tissue turnover within the inner layers (Sire and
Huysseune 2003).
Direct comparisons of elemental compositions between otoliths and fin rays have not
been made, and the conservation of organic material within the fin ray has not been tested. The
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present study uses fish with known histories of wild and captive life periods to investigate
whether the annuli of fin rays retain chemical characteristics over time. Specifically, the study
tests the assumption of (1) conservation of trace elements within the inorganic matrix of fin rays
(primarily CaPO4), and (2) conservation of stable-isotope ratios within the organic matrix of fin
rays (primarily collagen).
2.2 Materials and Methods
2.2.1 Sample Collection
All specimens were obtained from public aquariums after the fish had died in captivity.
All fishes donated to the study were wild before being captured and raised in captivity. These
conditions allowed for comparison between known wild and captive life periods over longer time
frames (i.e., years in the present study) than would be feasible via lab-controlled
experimentation. The specimens originated from different families (Table 2.1), thus offering
better inference on the generalities of whether the annuli of fin rays retain chemical
characteristics over time. A total of 30 individuals were obtained, of which 20 were used for
comparison of otoliths to fin rays via TEA. All 30 individuals were used in comparisons via SIA.
2.2.2 Fin-Ray and Otolith Preparation
Fin rays were excised from all individuals to include the distal pterygiophores and then
frozen at -20oC or colder. Once removed from the freezer, the fin rays were defrosted in a drying
oven for three hours at 55⁰C. Plastic forceps were then used to peel away as much skin and
membrane as possible. Fin rays were then soaked in 30% hydrogen peroxide (H2O2) for five
minutes to loosen any remaining skin, muscle, and membrane, which was then removed using
plastic forceps and paper towels. Once the fin rays were cleaned of these excess tissues, they
were secured to a petrographic slide using CrystalbondTM, an adhesive mounting medium
8

commonly used in otolith studies. The fin rays were sectioned at a 1.5 mm thickness using
stacked diamond wafering blades on a Buehler IsoMetTM low-speed saw, producing two or three
cross sections. Two readers aged all cross sections under a dissecting microscope before further
processing.
Sagittal otoliths were removed using rubber-tipped forceps. Otoliths were rinsed in
ultrapure Milli-QTM water upon removal and then soaked in 30% hydrogen peroxide for five
minutes before being mounted and sectioned as above, except with 1.0 mm section thickness.
Entire slides with samples were sonicated in ultrapure Milli-QTM water for five minutes
using a Fisher Scientific Sonicator, Model FS30H. Samples were placed in a class-100 laminar
flow clean hood where they were air-dried for a minimum of 24 hours before analysis. All traceelement and stable-isotope analyses were conducted at the University of South Florida, College
of Marine Science.
2.2.3 Trace Element Analysis
Core-to-edge transects were ablated on each structure using a Photon Machines Analyte
193 excimer laser ablation system, which was connected to an Agilent Technologies 7500 ICPMS. The laser system operated at a wavelength of 193 nm and a maximum output of 8 mJ. The
ablations of otolith and fin-ray samples were conducted with 86% power, a 5 Hz frequency, and
a 108 μm spot size. The laser moved across each structure at a speed of 10 μm s-1. Background
counts were monitored for 60 seconds between laser transects to ensure sufficient removal of
residue from the previous transect. Measurements were made for 26 unique isotopes (Table 2.2).
Calcium was used as an internal standard for the other 25 analytes being measured due to its
stoichiometric abundance within the CaCO3 (primarily aragonite) and CaPO4 (primarily
hydroxyapatite) inorganic matrices, where Ca was 40.0% of the molecular weight of CaCO3
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(Campana 1999) and 27.5% of CaPO4. [Ca] of fin rays was verified after acid digestion within
polypropylene vials at 180⁰ C in 16 M HNO3 for two hours. Digested samples were diluted with
2% HNO3 and quantitatively analyzed in the ICP-MS to obtain [Ca]. Drift of the ICP-MS during
the solution-based analysis was monitored and calibrated for using the internal standard,
scandium. The calibration line, which establishes a transfer function from raw measurements to a
scale-normalized quantity, ranged from 5 to 50 ppm for Ca.
The Agilent Technologies instrument-control software was used for data collection. Two
external glass-standards with known isotopic compositions (NIST 612 and MACS) were used to
calibrate the instrument. The MACS standard was analyzed prior to and immediately following
the analysis of all samples. The NIST standard was analyzed both prior to and following all
analyses, as well as in between each sample, allowing external drift correction. Concentrations
were recorded as counts per second and then converted to parts per million (ppm) using
MATLAB (v. R2015a) with functions created in the Fathom Toolbox (Jones 2014). Ppm values
were used in all subsequent analyses.
2.2.4 Stable Isotope Analysis
A second cross section from each fin ray was used to isolate individual annuli for SIA.
Each cross section was further cut to create a rectangular slice comprising radial bands that
collectively represented the entire lifetime of the fish (Fig. 2.1a). Slices were cut using a
modified feather-blade guillotine. By inserting a second blade and a 0.10 mm spacer, segments
were sliced without using mounting adhesive. Each slice was then cut into smaller, perpendicular
subsections using the single blade of the guillotine to mechanically separate the annuli (Fig.
2.1b). Each fin-ray subsection was representative of a different life period.
Each fish was aged using otoliths and fin rays, and an estimate aquarium residency time

10

was established based on aquarium records, which allowed estimation of the location of the wildto-captive transition on the calcified structures. Sections were then classified as “wild life
period” or “captive life period”. Each subsection was then analyzed for bulk molar
concentrations of carbon and nitrogen (C, N and C:N), and stable isotope ratios (δ13C and δ15N).
A 200 to 1200 μg sample of each cross section was weighed on a Mettler-ToledoTM precision
micro-balance, encapsulated in tin and loaded into a Costech TechnologiesTM Zero-Blank
Autosampler. Samples were combusted at 1050°C in a Carlo-ErbaTM NA2500 Series-II
Elemental Analyzer (EA) coupled in continuous-flow mode to a Finnigan Delta Plus XLTM
isotope ratio mass spectrometer (IRMS). Stable isotopic compositions were expressed in per mil
(‰) using delta notation: e.g., δ15N = (Rsample/Rstandard)-1] x 1000; where R = 15N/14N. The C:N
measurements were calibrated and δ13C and δ15N were normalized to the AT-Air and VPDB
scales, respectively, using NIST 8573 and NIST 8574 L-glutamic acid standard reference
materials. Analytical precision, estimated by replicate measurements of a laboratory working
standard (NIST 1577b bovine liver SRM, N= 30), was ± 0.25 δ13C, 0.10‰ δ15N, and ± 0.43 C:N.
2.2.5 Statistical Analysis
In order to compare trace element concentrations between otoliths and fin rays, a
Gaussian filter was applied to the otolith data, which was then standardized to match the smaller
dataset associated with the fin ray for each fish. This methodology was created specifically for
this project, and differs from other techniques that correlate unknown concentrations in calcified
structures (i.e., otoliths, fin rays) to ambient water concentrations. A measure of resolved
variance (Mann et al. 1998) was used as well as cross-correlation values (Legendre and Legendre
2012) to compare the two structures. The resolved variance statistic measures how effectively the
variance of one data series (i.e., otolith) is explained by the other (i.e., fin ray);
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∑(𝑦𝑜𝑡𝑜 − 𝑦𝑓𝑖𝑛 )2
𝛽 =1−
∑(𝑦𝑜𝑡𝑜 )2
where yoto is a series of elemental concentrations in the otolith (after Gaussian standardization) of
a single fish from time of birth to time of death, and yfin is the series of the same element over the
same time period in the fin ray. The resolved variance (β) was calculated for each element that
was above the limits of detection (Table 2.2) in each fish and compared to values of crosscorrelation using the same time series. The resolved variance statistic was chosen as the primary
metric for comparison because it is a more robust comparison of datasets than traditional
correlations, as it measures the correspondence based on the relative departure from the mean,
the mean itself, and the absolute variances of the two datasets. The use of the resolved variance
statistic allowed for the exploration of matches between datasets that were not apparent from the
cross-correlation values.
Significance levels for both β and cross-correlation values were estimated by Monte
Carlo simulations (n = 1000 permutations) that took serial correlation into account. The serial
correlation derived from a null model of AR(1) red noise was used (i.e., an auto-regressive
model with a lag of one). Degrees of freedom were based on the autocorrelation coefficients with
lag one of the two series.
Stable-isotope comparisons were made for both δ13C and δ15N values between the captive
and the wild life-periods for each fish by calculating absolute differences. Absolute differences
were used instead of signed differences because there was no a priori reason to expect that one
life period would have a higher or lower isotopic value than another, and thus the magnitude of
differences was of concern rather than the sign of differences. In order to assess the significance
of this magnitude between the two life periods, a bootstrapping technique was used to estimate
the range of average differences (99% confidence interval) around the observed mean value. In
12

addition, a Procrustes analysis was used to test how well the data from the two periods matched
(Peres-Neto and Jackson 2001). Specifically, how well did captive- and wild-period data agree?
Differences between periods should be expected, given associated differences in background
levels and feeding history. All statistical analyses were conducted using MATLAB version
R2015a.
2.3 Results
2.3.1 Trace Element Chronologies
The comparison statistics of core-to-edge transects between otoliths and fin rays of the
same fishes varied among elements and individual fishes (Table 2.2). Significant values of β
were consistently observed for the concentrations of Fe, Co, Ba, and Sr between structures (Figs.
2.2, 2.3 & Appendix I). No other element had values that were significant in more than 55% of
the samples. The cross-correlation values were not consistently significant for any single
element, but had the highest occurrence of significance for Ba and Sr (Table 2.2).
Differences among families for each element were apparent for some elements, but not
others. While β was consistently significant for Fe, Co, Ba, and Sr across all families, other
elements such as V and Cu were more often significant for centropomids than for other families
(Table 2.2). Significant values of cross-correlation in most elements were unevenly distributed
among families. For example, while no centropomids had significant values of cross correlation
for Ba, half of the epinephelids did (Table 2.2).
2.3.2 Stable Isotope Chronologies
The values of δ13C in all fishes ranged from -24.65 to -11.33 (mean = -18.29 +/- 0.44 SE)
for the wild life periods and -21.63 to -11.24 (mean = -16.29 +/- 0.29 SE) for the captive life
periods (Table 2.3). Values of δ15N ranged from 7.98 to 13.47 (mean = 10.53 +/- 0.19 SE) for the
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wild life periods and 7.86 to 13.62 (mean = 10.63 +/- 0.19 SE) for captive ones. All families
showed δ13C enrichment and a more narrow range of values after being put into captivity (Table
2.3). The mean absolute difference between wild and captive life-periods for individual fishes
was 2.55 ppm (14%) for δ13C and 0.71 ppm (7%) for δ15N. All values were significant at the
99% confidence level.
The Procrustes analysis of all fishes further illustrated the differences between wild and
captive life periods via the comparison of paired samples (m2 = 0.47, p = 0.001) (Fig. 2.4). When
separated by family, the centropomid (m2 = 0.46, p = 0.001) and sebastid samples (m2 = 0.34, p
= 0.001) differed strongly between wild and captive periods. While the Procrustes analyses
performed on the epinephelids produced a high procrustean statistic (m2 = 0.77, p = 0.223), the
two periods were not significantly different. The sciaenids that were analyzed were also not
significantly different, although only three individuals were tested (m2 = 0, p = 1) (Fig. 2.5).
2.4 Discussion
The data presented in this study were generated to address the hypothesis that trace
elements and stable-isotope values of δ13C and δ15N were conserved over time in the inorganic
and organic matrices of fin rays in fishes. The correspondence of certain divalent cations
between otoliths and fin rays in the same fishes is consistent with the assumption of conserved
inorganic-matrices (Figs. 2.2 & 2.3). Similarly, the differences in δ13C and δ15N values between
wild and captive life-periods are consistent with organic-matrix conservation. The conservation
of matrices in fin rays is one parsimonious explanation for the observed trends in the data, but
further testing is necessary to verify the actual mechanism behind these trends. The data
presented provide a framework from which to further investigate the uses and applications of
trace element and stable isotope chronologies in the fin rays of fishes.
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2.4.1 Trace Element Chronologies
The high β values generated from comparisons of divalent cations (alkaline earth and
transition metals) between otoliths and fin rays, in all fishes that were analyzed, suggest a high
level of correspondence among elemental values between the two structures. This metric should
not be confused with the correlation term (CC), as it measures a different aspect of the data.
While CC is a measure of how well the departures from the mean correspond between two
datasets, the β term offers a more robust comparison by accounting for the mean itself, the
relative departure from the mean, and the variances of the two datasets. Due to the charge and
size of atomic radii, these elements can substitute for the Ca-cation in the inorganic matrices of
both calcium carbonate and hydroxyapatite. Interestingly, other elements with 2+ charges (i.e.,
Mg, Mn) did not show strong correspondence between structures, possibly due to different
substitution rates in CaCO3 (otoliths) compared to Ca5(PO4)3(OH) (fin rays) in the marine
environment, as is common with Mg (Martens and Harriss 1970). Trace elements, acquired from
either diet or ambient water, are absorbed into the bloodstream of a fish and are incorporated into
mineral matrices at the time of osteogenesis. The different elements tested could be expected to
have different incorporation pathways, bioavailabilities, and substitution affinities for each of the
two calcified structures analyzed. It could therefore be assumed that individual trace elements
would have different rates of incorporation into each calcified structure within the fish. However,
the correspondence of certain elements is suggestive of similar incorporation processes and may
indicate the conservation of material, as both structures retained similar values over time.
Overall, the TEA was consistent with the hypothesis of conserved inorganic-matrices in fin rays
as the concentrations corresponded strongly to those of the otolith, which has been documented
to be a conserved matrix (Campana 1999).
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2.4.2 Stable Isotope Chronologies
Stable Isotope Analysis in fin rays required several assumptions in regard to chemical
stability. Most notably, the assumption of little to no turnover is critical to the effective use of
stable-isotope chronologies for the inference of life-histories in individual fishes. The high level
of resolved variance in divalent cation concentrations between otoliths and fin rays was
consistent with this assumption, as the inorganic matrix in fin rays is embedded within the
organic one (Mahamid et al. 2010). Thus, as one matrix is encapsulated and its properties are
conserved over time, the same could be expected for the other matrix. In addition, encapsulated
layers are not vascularized, thus little turnover would be expected. The differences in δ13C and
δ15N values between wild and captive life-periods could have resulted from differences in
ambient water, differences in diet, tissue turnover, or tissue decay. Differences in water
chemistry and diet between the natural environment and an artificial one (i.e., public aquariums)
are suggestive of the most parsimonious explanation for the observed differences. Tissue
turnover would have likely resulted in equal values across both life periods, while tissue decay
would have exhibited consistent directional-differences (most likely depletion) in both δ13C and
δ15N values. Other explanations for the observed differences include differential turnover rates
among annuli, incomplete turnover (i.e., turnover only occurs in one part of the ray), and
different incorporation rates among annuli.
A last assumption of chronological SIA involved the time period of deposition. In this
study, the organic matrix within each annulus was assumed to originate at the corresponding age
of the fish. Further studies are necessary to verify this assumption as there may be a depositional
lag due to metabolic pathways.
The stable isotope trends observed in this study were consistent among three families and
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seven species. Centropomids and sebastids had stable-isotope values that were significantly
different between wild and captive life periods based on the Procrustes analysis (Fig 2.5). The
epinephelids in this study also showed a strong trend towards differences between life periods
(i.e., the highest observed m-statistic); however, no significant difference was observed, possibly
as a result of a low sample size (n=5). The only family that had outlying trends was the sciaenid
family, which did not show differences in stable-isotope values between wild and captive life
periods in the Procrustes analysis (Fig 2.5). No sciaenid otoliths were available for analysis, so
the TEA trends were not documented. The anomalous trend among SIA in sciaenids may be due
to small sample size (n = 3) or a true homogeneity between life periods. A larger sample size
should be used to identify the cause of this anomaly.
2.4.3 Methodological Limitations and Potential Uses
Microchemical analyses in fin rays have several limitations that are primarily related to
the chemical composition of each sample. Values of δ13C need to be interpreted carefully, as
inorganic carbon noise can affect the final output from the mass spectrometer. Even though fin
rays are primarily composed of hydroxyapatite, carbonate molecules commonly substitute for
phosphate, and the resulting carbon noise in the analysis of the organic component in fin rays
(and all bones) will obstruct the signal (Peroos et al. 2006). Limitations also exist due to the size
of cross sections in fin rays and the annuli therein. Cutting curved annuli with a straight blade is
challenging. Due to mechanical limitations and the small sizes of the samples used in this study,
temporal resolution was limited to two, multi-year periods. Further refinement with this method
and instrumentation with higher precision (e.g., micro-elemental analysis mass spectrometry)
could lead to stable-isotope chronologies that are representative of smaller time-gaps. Fishes
with larger fin rays can be used with existing instrumentation (Tzadik et al. 2015).
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In its current form, the methods presented here could be used to track migratory and
trophic patterns across ontogeny for individual fishes. If matrices are indeed conserved in fin
rays, then life history attributes for each fish are recorded continuously so that a complete record
is available for each individual. These records can be used to test actual life history trends in
individuals as opposed to assumed life periods (that are ultimately researcher-defined), such as
ontogenetic migrations (e.g., Allen et al. 2009). Traditional SIA using muscle tissue is limited in
temporal inference due to relatively fast turnover rates. A conserved matrix of organic material
could be used instead to infer trends over time with much smaller sample sizes than would be
necessary through the use of muscle tissue. Combining stable-isotope chronologies with existing
isoscapes can lead to detailed studies on individual movements by recording how baseline values
change over time. Inferring movements from isoscapes is relatively common in terrestrial
ecology, but has yet to be used extensively in the marine environment. Chronological recorders
of stable isotopes in fishes (e.g., fin rays, eye lenses) can be used to bridge the gap between these
two fields. The use of fin-ray analysis for management purposes should be considered especially
when endangered species are in question, as fin-ray removal is minimally invasive and does not
affect growth or survival (Zymonas and McMahon 2006).
The results presented here are consistent with the hypothesis that chemical matrices in fin
rays are conserved over time. These matrices can be used to measure trace element and stableisotope values over time that are representative of the inorganic and organic matrices,
respectively. These types of analyses appear to present viable alternatives to lethal techniques to
study life-history characteristics in fishes where culling activities are not preferable.
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2.6 Tables
Table 2.1. List of all specimens used in the study. The column “used in TEA” refers to those
individuals that had otoliths available for trace element analysis. Participating aquaria included
the Mote Marine Laboratory and Aquarium in Sarasota, FL, the Guy Harvey Rum Fish Grill
restaurant in St. Petersburg, FL, the Vancouver Aquarium in Vancouver, BC, the Rookery Bay
Learning Center in Naples, FL, and the Pier Aquarium in St. Petersburg, FL.

Used in
Species

Family

Individuals (#)

Donor
TEA

Centropomus
Centropomidae

12

6

Mote Marine Lab

Epinephelus morio

Epinephelidae

5

4

Rum Fish Grill

Sebastes pinniger

Sebastidae

1

1

Vancouver Aquarium

Sebastes caurinus

Sebastidae

4

4

Vancouver Aquarium

Sebastes melanops

Sebastidae

1

1

Vancouver Aquarium

Sebastes flavidus

Sebastidae

3

3

Vancouver Aquarium

Sebastes ruberrimus

Sebastidae

1

1

Vancouver Aquarium

Pogonias cromis

Sciaenidae

1

0

undecimalis

Rookery Bay Learning
Center
Scianops ocellatus

Sciaenidae

2

0

Pier Aquarium
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Table 2.2. Average for each β and cross correlation value for each element within families. The
twelve elements presented1 are those that were above the limits of detection. Resolved variance
values are presented as “β”, and cross-correlation values are presented as “CC”. Higher values of
both β and CC indicate stronger matches between datasets, with a maximum value of 1.0. The
“Sig” columns refer to the percentage of individuals in each family that had significant values (α
< 0.05) based on the Monte Carlo simulations. The “Total Sig” refers to the total percentage of
fishes with significant values. For a complete list of β, CC, and associated p-values see appendix
I.

Centropomidae

Sig

Sebastidae

Sig

Epinephelidae

Sig

Total

(n=6)

(%)

(n=10)

(%)

(n=4)

(%)

Sig (%)

β

-668.49

0

-17.92

0

-365.46

0

0

CC

-0.05

0

0.04

0

0.16

25

5

β

-3.27

0

-1.87

30

-432.76

25

20

CC

-0.11

0

-0.25

20

-0.13

0

10

β

-4.33E+04

0

-6.75E+04

0

-5.92E+05

0

0

CC

0.54

0

-0.23

0

-0.27

0

0

β

-1.34E+06

0

-1.59E+06

0

-2.20E+06

0

0

CC

-0.31

17

0.26

10

-0.12

25

15

β

-22.42

83

-955.38

40

-537.60

50

55

CC

-0.04

0

-0.05

0

-0.10

0

0

Li

Na

Mg

P

V

1

7

23

24

31

43

45

51

53

55

57

59

60

63

64

65

72

All elements analyzed include: Li , Na , Mg , P , Ca , Sc , V , Cr , Mn , Fe , Co , Ni , Cu , Zn , Cu , Ge ,
85
88 89
114
118
137
197
208
232
238
Rb , Sr , Y , Cd , Sn , Ba , Au , Pb , Th , U
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β

-152.54

0

-760.35

0

-2292.21

0

0

CC

0.24

33

-0.17

0

-0.23

0

10

β

0.90

100

0.47

100

0.85

100

100

CC

0.04

0

0.08

0

0.09

0

0

β

0.72

100

-936.72

100

-1.86

100

100

CC

0.00

0

0.01

0

0.03

0

0

β

-3.50E+04

0

-6.83E+03

10

-7.73E+03

0

5

CC

0.42

17

0.23

10

-0.29

0

10

β

-1.98E+02

83

-9.91E+04

40

-1.06E+07

25

50

CC

0.01

0

-0.21

10

0.06

25

10

β

0.78

100

0.78

100

0.72

100

100

CC

0.33

33

-0.03

30

0.39

50

30

β

0.42

100

-566.29

80

-967.47

75

85

CC

0.06

0

-0.10

30

-0.53

50

25

Mn

Fe

Co

Zn

Cu

Sr

Ba
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Table 2.3. Average values of δ13C and δ15N between life periods in all fishes. Absolute
differences are presented with lower (L.C.L.) and upper confidence limits (U.C.L.) for the 99%
confidence interval as calculated by the bootstrapping technique.

Difference
Wild

Centropomidae

Sebastidae

Epinephelidae

Sciaenidae

Captive
L.C.L.

Mean

U.C.L.

δ13C

-17.05

-15.18

1.63

2.47

3.41

δ15N

10.33

10.12

0.46

0.71

0.97

δ13C

-19.74

-17.51

1.23

2.24

3.63

δ15N

11.90

12.00

0.25

0.40

0.55

δ13C

-19.32

-16.63

1.93

3.01

4.02

δ15N

9.11

9.92

0.65

1.14

1.66

δ13C

-18.15

-16.63

1.88

3.31

4.74

δ15N

12.08

12.40

0.54

0.69

0.83
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Figure Captions
Fig 2.1. Separation of annuli from a cross section of a dorsal fin ray. The dashed lines in ‘A’
show where a rectangular section was taken from the cross section. Solid lines in ‘B’ indicate
excision lines separating individual annuli.
Fig. 2.2. Concentrations of elements with a 2+ charge (i.e., Fe, Co, Sr) over time in the otolith
and fin ray of a Copper Rockfish, Sebastes caurinus. This sample represents one with
particularly strong β values for elemental concentrations, but is representative of the general
trend observed among all samples. Profiles were run from the core of the structure on the left
(corresponding to birth) to the edge on the right (corresponding to end of life).
Fig. 2.3. Concentrations of divalent ions in otoliths after smoothing via a Gaussian filter (solid
line) and raw fin ray concentrations (dashed line) for the same Copper Rockfish, Sebastes
caurinus, presented in Fig. 2.
Fig. 2.4. Procrustean superimposition plot of “wild” and “captive” life-period paired samples of
fin rays from all fishes. The m-statistic (m2) for this analysis can range from 0 to 1 where smaller
values represent more similarity between datasets. Here, the m-statistic was calculated as 0.47.
The dimensions describe the rotated data of the δ13C and δ 15N values prior to and after capture.
The “scaled X” points are the wild life-period values of the rotated data. Residual lengths
indicate the amount of difference between the samples.
Fig. 2.5. Procrustean superimposition plot of “wild” and “captive” life-period paired samples of
fin rays from all fishes, separated by family. The m-statistics were calculated as m2 = 0.46 for
centropomids, m2 = 0.34 for sebastids, m2 = 0.77 for epinephelids, and m2 = 0.0 for sciaenids.
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2.7 Figures

Fig. 2.1. Separation of annuli from a cross section of a dorsal fin ray. The dashed lines in ‘A’
show where a rectangular section is taken from the cross section. Solid lines in ‘B’ indicate
excision lines separating individual annuli.
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Fig. 2.2. Concentrations of elements with a 2+ charge (i.e., Fe, Co, Sr) over time in the otolith
and fin ray of a Copper Rockfish, Sebastes caurinus. Ba values were not plotted because
correlations between structures, while significant, were typically negative. This sample
represents one with particularly strong β values for elemental concentrations, but is
representative of the general trend observed among all samples Profiles run from the core of
the structure on the left (corresponding to birth) to the edge on the right (corresponding to end
of life).
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Fig. 2.3. Concentrations of divalent ions in otoliths after smoothing via a Guassian filter (solid
line) and raw fin ray concentrations (dashed line) for the same Copper Rockfish, Sebastes
caurinus,that was presented in Fig. 2.2.
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Fig. 2.4. Procrustean superimposition plot of “wild” and “captive” life-stage paired samples of
fin rays from all fishes. The m-statistic (m2) was calculated as 0.47. The dimensions describe
the rotated data of the δ13C and δ 15N values prior to and after capture. The “scaled X” points
are the wild life-stage values of the rotated data. Residual lengths indicate the amount of
difference between the samples.
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Fig. 2.5. Procrustean superimposition plot of “wild” and “captive” life-stage paired samples of
fin rays from all fishes, broken down by family. The m-statistics were calculated as m2 = 0.46
for centropomids, m2 = 0.34 for sebastids, m2 = 0.77 for epinephelids, and m2 = 0.0 for
sciaenids.
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Chapter 3. Non-lethal approach identifies variability of δ15N values in the fin rays of
Atlantic Goliath Grouper, Epinephelus itajara

Note to Reader: The contents of this chapter have been published in the open access journal,
Peerj. Due to the open access nature of the journal, permission was granted to reprint the
manuscript here as a chapter of this dissertation. The online article can be accessed at
http://dx.doi.org/10.7717/peerj.1010.

3.1 Introduction
The Atlantic Goliath Grouper (Epinephelus itajara) is the largest epinephelid in the
Atlantic Ocean and the second largest in the world, weighing up to 400 kg and reaching lengths
of up to 3.0 m (Bullock et al. 1992, Robbins et al. 1999, Sadovy & Eklund 1999). They are a
long-lived, slow growing fish that can remain in their juvenile habitat (primarily mangroves) for
up to 7 years before moving to reef habitats as adults (Bullock et al. 1992, Koenig et al. 2007).
Unlike other large reef fishes which tend to be upper trophic-level piscivores (Romanuk et al.
2011), invertebrates make up approximately 70% of the diet of the Atlantic Goliath Grouper
(Koenig & Coleman 2010). These large fish can serve as ecological engineers by exposing and
expanding reef overhangs and ledges through their excavating activities. This behavior enhances
structural complexity of the habitat thereby increasing abundance and diversity of the reef
community (Koenig et al. 2011a, Macieira et al. 2010).
Similar to many large-bodied reef fishes which are vulnerable to overfishing (e.g., due to
slow maturation, aggregation behavior, limited juvenile habitat; Stallings 2009), Atlantic Goliath
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Grouper are overfished throughout their range (Aguilar-Perera et al. 2009, McClenachan 2009)
and are classified as “critically endangered” by the International Union for Conservation of
Nature (Pusack & Graham 2009). However the population of Atlantic Goliath Grouper has
shown early signs of recovery in Florida state waters, in large part due to a federal fishing
moratorium instituted in the United States in 1990 (Cass-Calay & Schmidt 2009, Koenig et al.
2011a). While this initial recovery is encouraging, more basic research on life history traits is
needed to enhance and inform management. However, the slow maturation, large size, behavior,
and long lifespans of Atlantic Goliath Groupers limit our ability to infer processes from
controlled experimentation and short observational studies. To date, movement patterns and
trophic shifts from nursery to adult habitats are still poorly understood, and warrant further
investigation (Lara et al. 2009, Koenig & Coleman 2010). The study of these processes in fishes
typically requires lethal sampling, however due to the endangered status of the Atlantic Goliath
Grouper, a non-lethal sampling technique is needed.
Stable isotope analysis (SIA) has become a common method to study fish movements
and diets. In fishes, muscle tissue is most commonly used to quantify basal resources (δ13C;
(Hobson 1999, Dierking et al. 2012) and trophic level (δ 15N; Vanderklift & Ponsard 2003,
Galvan et al. 2010). Because these isotopic ratios integrate chemical information about an
animal’s diet across time scales beyond the “snapshot” scale from examining stomach contents,
they can be used to quantify dietary patterns over a period of weeks to months (Nelson et al.
2011), before tissue turnover (Ankjaero et al. 2012, Hobson & Bond 2012). However, the study
of long-lived fishes requires knowledge of longer time frames, often on the order of years.
To understand life history characteristics over annual time scales, researchers have
recognized the need to analyze a conserved organic matrix that retains isotopic ratio values over
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the entire lifetime of the individual (Caut et al. 2008). To our knowledge, a chronology of
isotopic ratios continuously from birth to time of capture for an individual fish has only been
accomplished via lethal sampling methods. Wallace et al. (2014) measured both δ13C and δ15N
across sequentially deposited layers of the eye lenses. However, this method has only recently
been validated and the time scale over which eye-lens layers are deposited remains unclear. The
sagittal otolith has been suggested as another possibility due to its chronological deposition of a
metabolically inert matrix (Campana 1999). However, the otolith contains miniscule amounts of
organic material that may be conserved chronologically. To date, otoliths have only been
analyzed at the bulk level for the entire structure, thus destroying the time series of interest
(Gronkjaer et al. 2013). Otolith sampling also requires the fish to be sacrificed, thus
confounding conservation and management efforts for threatened and endangered species.
Cartilaginous vertebrae in elasmobranches (Estrada et al. 2006, Borrell et al. 2011, Polo-Silva et
al. 2013) have been used to document life history characteristics, however sampling is also
lethal, and annuli banding in elasmobranch vertebrae are often difficult to interpret or absent for
many species (Cailliet et al. 2006). While scales in teleosts (Kennedy et al. 2005, Kelly et al.
2006, Sinnatamby et al. 2008, Woodcock & Walther 2014) represent non-lethal sampling, they
may present inaccurate age estimations as the annuli of older fish tend to compress at the edge of
the scales (more than other calcified structures). Additionally, scales are often lost and replaced,
and the formation of scales may not occur at the larval stage (Helfman et al. 2009).
Fin rays of fishes can record the chronology of isotopes and may allow for non-invasive
sampling as they can be excised non-lethally. Indeed, fin rays have the capability to regrow once
they are excised (Goss and Stagg 1957) and can be removed with minimal effects on both
survival and growth on the individual (Zymonas & McMahon 2006). The organic matrix of fin
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rays is largely composed of proteins, mostly collagen, while the inorganic matrix is carbonated
hydroxyapatite (Mahamid et al. 2010). Chemical tracers from an individual’s diet have been
recorded over time within these matrices, suggesting that they are at least partially derived from
the animal’s food source (Woodcock et al. 2013). Annuli conservation over time and the
encapsulation of the organic matrix suggest that isotopic values of organic elements (e.g., δ13C,
δ15N) are retained within these matrices. Initially, aging studies concentrated on the analysis of
fin rays for fishes in temperate regions, such as salmonids and hexagrammids, aided by clear
banding of annuli due to strong seasonality (Bilton & Jenkinson 1969, Beamish & Chilton 1977).
However, more recent studies have demonstrated the effectiveness of the technique on fishes at
lower latitudes, including Gag and Goliath Groupers (Murie & Parkyn 2005, Brusher & Schull
2009, Murie et al. 2009, Koenig et al. 2011b). The mineral deposition in fin rays occurs on a
similar time scale as in otoliths, although the two structures are formed via different metabolic
pathways (Helfman et al. 2009). Indeed, age estimates from cross sections of fin rays
corresponded to those from otoliths of the same fish (McFarlane & King 2001, Muir et al. 2008,
Khan & Khan 2009, Murie et al. 2009, Glass et al. 2011). The correspondence of annuli between
otoliths and fin rays suggests minimal turnover or reabsorption in fin rays since previous layers
are encapsulated and non-vascularized after new ones are added. The fin ray comprises both
organic and inorganic chemical matrices, with a robust organic component (~40%) compared to
other calcified structures (Mahamid 2010).
The documentation of a conserved organic matrix over time via fin-ray analysis may
provide essential information regarding ontogenetic dietary and movement patterns of fishes.
The method is suited to study life history characteristics for endangered species, such as the
Atlantic Goliath Grouper, and those of management concern, due to its non-lethal nature and
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conserved chemical history. We tested whether δ15N values were retained over time in fin rays
of Atlantic Goliath Grouper, and if these changes were consistent with life history characteristics
documented in previous studies. Changes in δ15N values over time within an individual can be
caused by movement to areas with different isotopic baselines and dietary shifts. The
documentation of these changes can be used to guide strategies that minimize the impact to the
local population via habitat restoration and responsible fishing practices. Considering the lack of
information on these ontogenetic characteristics of Atlantic Goliath Grouper, the technique
presented in this study may lay the foundation for future research as well as inform management.
3.2 Materials and Methods
3.2.1 Study Area
We obtained samples of fin rays from adult Atlantic Goliath Grouper from midPeninsular regions of Florida on both the Gulf of Mexico (hereafter, “west coast fish”) and
Atlantic Ocean sides (hereafter, “east coast fish”). West coast fish (n = 13) were acquired from
the Florida Fish and Wildlife Research Institute (FWRI) when opportunistic “fish-kill” samples
(e.g., red tide casualties, discard mortalities) were reported from May 2012 to September 2013
(Site 1, Fig. 3.1). East coast fish (n = 17) were collected at known spawning aggregation sites
during spawning seasons (July – September) in 2012 and 2013 (Site 2, Fig. 3.1). All samples
were obtained through the procedure approved by the Institutional Animal Care and Use
Committee (IACUC), approval number 4193W. In addition, all field sampling was permitted on
both the state (Florida Fish and Wildlife Conservation Commission, permit number SAL-131244A-SRP) and federal levels (National Oceanic and Atmospheric Administration, permit
number F/SER24:PH). Sites with elevated Atlantic Goliath Grouper abundances were chosen
based on local knowledge and later confirmed by SCUBA surveys during the spawning season.
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Sites were typically artificial reefs (sunken wrecks) or natural ledges with high structural relief.
3.2.2 Tissue Selection and Sample Collection
The soft-dorsal fin rays of the Atlantic Goliath Grouper were chosen for analysis over
other calcified structures for several reasons. First, fin rays will grow back once they are excised
(Goss and Stagg 1957). The effects of fin ray removals do not significantly alter survival or
growth of individuals (Zymonas and McMahon 2006). Indeed, during the current study, several
individuals were recaptured the same day after having their fin rays excised (indicating feeding
behavior within hours of being sampled) and we have recaptured several fish over 1,100 days
after initial sampling (Koenig et al. unpublished data). Our methodology for capturing, excising
the fin rays and release of the Atlantic Goliath Grouper has resulted in approximately 100%
survival (Koenig et al. 2011b). When compared to other calcified structures such as fin spines
and scales, fin rays have the highest correspondence to ages obtained from otoliths in Atlantic
Goliath Groupers (Murie et al. 2009). In addition, the organic matrix in fin rays is proportionally
larger than any other reliable chronological recorder in Atlantic Goliath Grouper and many other
fishes. Last, fin rays were being used for aging in a collaborative study, and were already being
excised for analysis (Koenig et al. 2011b).
Excision of dorsal fin-rays was deemed preferable to other fins due to the relative low
usage of this fin during locomotion in Atlantic Goliath Groupers. Dorsal fin rays 5 to 7 from the
west coast fish were excised to include the entire ray structure (including distal pterygiophores)
or as close to the base as possible. Fin rays with prior damage exhibit scar-like markings at the
point of damage. None of the samples used in this study exhibited such markings. The excised
rays were placed in labelled plastic bags on ice and ultimately stored in a freezer prior to
processing. Whenever possible, total length (TL), total weight and age estimates based on
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otoliths were determined for these individuals.
East coast fish were captured using hook and line in collaboration with an on-going study
to determine their age structure throughout Florida using non-lethal techniques (Koenig et al.
2011b). Once onboard, the total length was measured and the fish was doubly tagged with
uniquely-numbered external (live-stock) and internal (Passive Integrated Transponder) tags.
Dorsal fin-rays 5 to 7 were collected and processed as described above. Stomach contents were
also collected non-lethally by manually removing partially digested prey items.
3.2.3 Sample Processing
Fin rays were thawed in a drying oven for 4 hours at a temperature of 55º C. Once the
samples had thawed, fatty tissue was removed using forceps. Each fin ray was then soaked in
30% hydrogen peroxide (H2O2) for 5 minutes to loosen the soft tissue surrounding the rays. Skin
and membranes were cleaned from the rays using forceps and paper towels. The cleaned rays
were glued to a petrographic microscope slide using crystal bond©. A set of two cross sections
(1.5 mm thick) were cut from the fin rays using a Buehler Isomet© slow-speed saw. The purpose
of these cross sections was to isolate individual annuli for stable isotope analysis. These cross
sections were then sliced perpendicular to the first cut to create rectangular bands that
represented the time series of the entire life of the fish (Fig. 3.2A). The slices were cut using a
modified feather-blade guillotine. By inserting a spacer and a second parallel blade, the
rectangular slices were cut from the initial cross sections of the fin ray. The rectangular slice
was then cut using the single blade of the feather-blade guillotine to mechanically separate the
rectangular slice into smaller pieces, each of which comprised a single annulus (or two annuli if
the sample was too small to separate individual annuli, Fig. 3.2B). When the smaller pieces
comprised two annuli the mean of the two ages was used, and the associated values were
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presented as such.
Annuli were analyzed for bulk molar concentrations of carbon and nitrogen (C, N, C:N),
and stable isotope abundance values, calculated as defined below (δ13C, δ15N). A 200 to 1200 μg
sample of each cross section was weighed on a Mettler-Toledo© precision micro-balance,
encapsulated in tin and loaded into a Costech Technologies© Zero-Blank Autosampler. Samples
were combusted at 1050°C in a Carlo-Erba© NA2500 Series-II Elemental Analyzer (EA)
coupled in continuous-flow mode to a Finnigan Delta Plus XL© isotope ratio mass spectrometer
(IRMS) at the University of South Florida, College of Marine Science. Stable isotopic
compositions were expressed in per mil (‰) using delta notation: e.g. δ15N =
(Rsample/Rstandard)-1]; where R = 15N/14N. We calibrated the C:N measurements and δ13C and
δ15N were normalized to the AT-Air and VPDB scales, respectively, using NIST 8573 (USGS
40; δ15N = -4.52 ‰ ± 0.12 ‰; δ13C = -26.39 ‰ ± 0.09 ‰) and NIST 8574 (USGS 41; δ15N =
47.57 ‰ ± 0.22 ‰; δ13C = 37.63 ‰ ± 0.10 ‰) L-glutamic acid Standard Reference Materials.
All reference materials were sourced from the National Institute of Standards and Technology,
U.S.A. Analytical precision, estimated by replicate measurements of a laboratory working
standard (NIST 1577b Bovine Liver SRM, N= 31; δ15N = 7.83 ‰ ± 0.16 ‰; δ13C = -21.69 ‰ ±
0.14 ‰), was ± 0.13 δ13C, 0.18 ‰ δ15N, and ± 0.25 C:N.
3.2.4 De-mineralization of Fin Rays
In an attempt to eliminate the carbon noise associated with the inorganic matrix (due to
unpredictable substitutions between carbonate and phosphate), we tested whether demineralization of the fin rays was a feasible preparation technique to obtain values for both δ13C
and δ15N that only measured concentrations in the organic matrix. While demineralization is
often performed to isolate an organic matrix, recent studies suggest that the chemical process
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may alter the organic components of a sample, specifically δ13C and δ15N values (Rude et al.
2014). Fin rays (n = 21) were initially cleaned as described above, split into two halves and then
sectioned at a 1.5 mm thickness. One of the two sections from each fin ray was then chosen at
random for the de-mineralization process. Samples that were demineralized were sonicated in
“ultra-pure”, milli-Q© water for 5 minutes and then submerged in 2% HCl for 24 hours. After 24
hours, the HCl was replaced and the samples were soaked for an additional 24 hours. Samples
were then rinsed thoroughly with distilled water, dried and sectioned (1.5 mm thick). All cross
sections from both de-mineralized and control samples were powdered using a mortar and pestle
to ensure uniformity within each sample. Samples were then weighed, encapsulated, and run on
the EA-IRMS, as described above.
3.2.5 Data Analysis
All statistical analyses were performed using MATLAB version R2012b. Age and size
distributions between the two sample sets (west and east coasts) were plotted and analyzed using
a two sample Kolmogorov-Smirnov test. Paired de-mineralized and control samples were
analyzed for differences in two ways. A paired, two-tailed t-test was used to test overall
differences of δ13C and δ15N values between the de-mineralized and control data sets. A
procrustes analysis was used as an orthogonal least-squares analysis between the de-mineralized
and control data sets by minimizing the sum of squares between the two. The symmetric
orthogonal procrustean statistic (m2) was calculated as a goodness of fit between the control data
set, and the de-mineralized data set. Values of m2 can range between 0 and 1, with lower values
indicating a better fit between two sets of data. The procrustes analysis was able to test
differences between each individual paired-sample.
In order to test whether the isotopic ratios were conserved over time, a two-tailed t-test
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was conducted using the δ15N values of the annuli corresponding to age 4 for two age groups of
individuals within each study location. Here, we focused on age 4 to maximize sample size (n =
27), by choosing an annulus that was most commonly represented among samples (27 out of a
possible 30). Samples within coastal groups were split into “young” (< 8 years old) and “old”
fish (> 8 years old) based on age at time of capture. The two groups were analyzed for
differences in δ15N values to test whether the fin rays of older fish displayed signs of isotopic
change over time. If δ15N values degraded over time in fin rays, then we would expect to see
differences between the two groups as the signals in older fish would have had more time to
change.
The chronologies of δ15N were created for each of the 30 individuals and grouped by
coastal origin. Isotopic values were plotted against age (as determined by annuli) to investigate
whether life-history shifts were indicated by changes in the δ15N values of individuals over time.
Isotopic shifts were theorized to be most evident when the fish moved out of their nursery habitat
at roughly 5 to 7 years of age (Koenig et al. 2007), due to either dietary shifts, shifts in
background δ15N levels, or a combination of both. Given the repeated measures aspect of these
data, a non-linear mixed-effects model based on the logistic equation was generated to model the
distribution of data between δ15N values and age. The model predicted three parameters
(response coefficient, y-intercept and horizontal asymptote) for each fish. These values were
averaged to produce parameters for each population. F-ratios were calculated to compare
between sample sets as a measure of goodness-of-fit. A permutation based p-value was
calculated based on the F-ratio. In addition to the model comparison over the entire lives of each
individual, a paired t-test was used to compare the “nursery habitat” life stage (< 6 years) and the
“adult habitat” life stage (> 6 years) to test ontogenetic shifts during a presumed migration
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period. Last, δ15N values were plotted against total lengths and age at time of capture for all fish
and linear least squares regressions were calculated for both comparisons. Individual δ15N
values at time of capture were compared to total length of each specimen via a linear least
squares regression of TL with the outer-most annulus to test for differences in adult feeding
patterns between coasts. Correlations were then compared between the two sampling regions to
test whether δ15N values consistently changed with size or age among all individuals.
3.3 Results
Total lengths of west coast fish ranged from 62 to 205 cm, that of east coast fish from
122 to 211 cm (Table 3.1). West coast samples were 2 to 18 years old and east coast samples
ranged from 6 to 19 years old (Fig. 3.3). A two-sample Kolmogorov-Smirnov test verified that
age structure did not differ between the two sample sets (ks = 0.3, p = 0.43), although size
structure did due to several smaller individuals among the west coast samples (ks = 0.56, p =
0.01). None of the individuals analyzed were recaptures from previous sampling efforts.
3.3.1 De-mineralization
De-mineralization introduced strong and non-systematic artifacts, with samples having
inconsistent loss of the light or heavy isotope for both δ13C (t = 2.02, df = 20 p = 0.009) and δ15N
(t = 2.02, df = 20, p = 0.004). The procrustes analysis (Fig. 3.4) further supported that alterations
during the de-mineralization process were variable to both δ13C and δ15N values (m2 = 0.64, p =
0.001). Differences in isotopic values between paired samples ranged from ±0.01 to ±3.14 for
δ13C values and from ±0.05 to ±1.19 for δ15N values. The variable effects of demineralization to
both δ13C and δ15N values precluded the use of a correction factor for treated samples. Due to
these differences, demineralization was deemed inappropriate for this study, and carbon values
were dismissed.
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3.3.2 Isotopic Conservation and δ15N Values at Age
The δ15N values at the annulus corresponding to age 4 did not differ between young and
old fish for either west coast (t = 2.26, df = 9, p = 0.46) or east coast samples (t = 2.14, df = 14, p
= 0.20; Fig. 5). An ad hoc power analysis demonstrated high power for both west (power =
0.99) and east (power = 0.96) coast samples.
The values of δ15N for west coast samples varied from 8.39 to 12.61 ‰ (range = 4.22)
and from 9.71 to 14.41 ‰ (range = 4.70) for east coast samples. However, one outlier (>3 SD
from the mean) was responsible for the larger range associated with east coast samples. Once
the outlier was removed, the values ranged from 12.16 to 14.41 ‰ (range = 2.25), roughly half
that of west coast samples.
The δ15N values of both sample sets increased as the fish aged (Fig. 3.6). A general
increase was observed during the presumed nursery life stage (i.e., at approximately ages 0 – 7
years) which then leveled off once the fish moved into their adult-habitat life stage. A paired ttest confirmed higher values for adult compared to juvenile stages (t = 2.16, df = 12, p < 0.001
for west coast samples and t = 2.12, df = 16, p = 0.004 for east coast samples). However, the
non-linear mixed effects model highlighted differences between the two populations with regard
to the response coefficients and horizontal asymptotes (F = 6.34 x 103, p = 0.001, coef = 2.35,
asymptote = 11.98 for west coast samples and F = 5.57 x 104, p = 0.001, coef = 1.44, asymptote
= 13.33 for east coast samples, Fig. 3.7).
3.3.3 δ15N Values at Time of Capture
δ15N values were positively related to total length for both west (coef(se) = 0.07(0.03); t =
2.3, r2 = 0.33, p = 0.05) and east coast fish (coef(se) = 0.15(0.02); t = 6.5,r2 = 0.75, p = 0.001;
Fig. 3.8A). δ15N values were positively related to age for east coast fish (coef(se) = 2.93(1.16); t
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= 2.53, r2 = 0.31, p = 0.02), but not for west coast fish (coef(se) = 0.05(0.03); t = 1.73,r2 = 0.21, p
= 0.14; Fig. 3.8B).
3.4 Discussion
3.4.1 Isotope Chronologies
Fin-ray analysis is a non-lethal methodology that can be used to track isotopic
chronologies in fishes. Organic isotopic-chronologies have previously been explored via annuli
chronology in living tissues, such as trees and corals (McCarroll & Pawellek 2001, McCarroll &
Loader 2004, Risk et al. 2009, Andreu-Hayles et al. 2011). To our knowledge, the current study
represents the first to use a non-lethal method to derive an organic isotope chronology from a
calcified tissue in fishes, without aging biases. The shift in isotopic values over time generated
in the current study coincide with presumed life history events for Atlantic Goliath Grouper and
may indicate that little to no tissue-turnover occurred as annuli were deposited in fin rays.
The use of isotopic analysis on fin rays required several assumptions, most notably, that
fin-ray annuli corresponded with the age of the fish. This correspondence has been demonstrated
for Atlantic Goliath Grouper (Brusher & Schull 2009, Murie et al. 2009, Koenig et al. 2011b)
and other fishes (McFarlane & King 2001, Sun et al. 2002, Debicella 2005, Murie & Parkyn
2005, Muir et al. 2008, Khan & Khan 2009, Glass et al. 2011). Second, we assumed that the
measured δ15N corresponded directly to the age associated with each annulus within individuals.
Similar to the assumptions made in otolith micro-chemical analysis (Campana 1999), we
assumed that the chemical constituents of each annulus were representative of the fish’s diet at
that age.
The limitations of the technique we used were classified as either mechanical or isotopic.
The mechanical limitations were largely due to the size and composition of cross sections of fin
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rays. Curved annuli were cut with a straight blade, which made separating annuli difficult. Even
with the relatively large samples used in this project, roughly ten samples had annuli that were
coupled. No samples were excluded from the analysis due to this constraint. However smaller
fishes with narrower annuli than Atlantic Goliath Grouper would present a new challenge and
would require instrumentation with higher precision. In addition, two main isotopic limitations
were apparent in the current study. The absence of δ13C values from the study represented an
important constraint, given its relevance to understanding basal resources. The carbonated
hydroxyapatite that makes up the inorganic matrix of fin rays (Mahamid et al. 2008, Mahamid et
al. 2010) introduced carbonate analytes into control samples. These carbonates replaced the
phosphate molecules that make up the structural component of fin rays. This carbonate
replacement is in non-stoichiometric equilibrium, and cannot be quantified consistently. Intact
fin rays will thus have inorganic-carbon components that are variable among samples. Demineralization was deemed inappropriate for the current study, based on the altered and
inconsistent offsets of both δ13C and δ15N values as highlighted in the procrustes analysis.
Consequently, δ13C values were excluded from the analysis. Future studies may choose to test
the de-mineralization process further by powdering samples prior to acid treatments. Powdering
the sample prior to de-mineralization may facilitate a more complete digestion of all the
inorganic carbon in the sample. The second isotopic limitation we faced dealt with the source of
the observed δ15N shifts over time. The δ15N chronologies in this study match the life-history
characteristics of Atlantic Goliath Grouper observed in previous studies, although the magnitude
of the shifts differed between coasts. The difference in δ15N values between the juvenile and
adult stages was consistent with the ontogenetic movement patterns and dietary shifts previously
documented (Eklund & Schull 2001, Koenig et al. 2007). The composition of prey differ
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taxonomically between juveniles (mainly crabs) and adults (mix of crabs, lobsters, fishes,
mollusks and echinoderms), largely due to species composition at the different habitats (Koenig
& Coleman 2010). The observed isotopic variations may have been due to an altered diet at
sequential ontogenetic events, to a shift in isotopic baseline values at different locations or a
combination of both. Isotopic background values differ between locations, and can thus
influence measured isotopic values if a fish moves from one area to another (McMahon et al.
2013, Radabaugh et al. 2013). Further study using compound-specific analysis of amino acids
could potentially differentiate between δ15N variation due to diet or to background isotopic
differences (McClelland & Montoya 2002, Chikaraishi et al. 2007, Loick et al. 2007, Ellis 2012).
3.4.2 Population Differences
The relationship between δ15N values and age differed between the two sampling regions.
Similar-aged Atlantic Goliath Groupers exhibited 0.5 to 6.0 δ15N value enrichment on the east
coast compared to the west coast. Without an isoscape effect (e.g., Radabaugh et al. 2013), east
coast Atlantic Goliath Groupers would be expected to feed at 1 to 2 trophic levels higher than
west coast fish, which is unlikely. To our knowledge, such a drastic difference in trophic level
has never been documented between local populations of a conspecific, nor has concurrent
research found differences between the stomach contents of individuals between the two coasts
(Koenig et al. 2011b). The clear division in overall δ15N values can most likely be attributed to
isoscape effects, meaning that isotopic background levels change among locations depending on
ambient conditions (Graham et al. 2010). The data presented here suggest that an isoscape effect
may be detectable between the two coasts of Florida. Isoscape effects naturally occur over large
spatial scales, such as open ocean environments (Graham et al. 2010), but river outflows can
influence isotopic baselines of ocean basins (Radabaugh et al. 2013) while near-shore
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environments can be directly influenced by anthropogenic activities (Seitzinger et al. 2005).
Elevated δ15N values in the east coast fish may be partially due to the higher abundance and
density of the human population than on the west coast of Florida (U.S. Census Bureau 2010).
Anthropogenic inputs, such as treated sewage released into east coast waters has been
documented to elevate background δ15N values, particularly near centers of high human
population density (Lapointe et al. 2005a, Lapointe et al. 2005b, Risk et al. 2009).
Both west and east coast fish exhibited a shift in isotopic values from juvenile to adult
life stages, but west coast individuals did so faster and with a lower asymptote. The elevated
δ15N signals from the isoscape effect may once again contribute to the observed patterns. One
pragmatic explanation may be that both populations exhibit an isotopic shift over time, but the
patterns observed in east coast samples were swamped by isoscape effects. Indeed, the δ15N
values of several individuals in their juvenile phases are similar to that of their adult values.
Future studies should aim for a community-level assessment to test whether lower values exist
throughout the food web on the west coast of Florida in comparison to the east coast. High
baseline δ15N values would enrich all the organisms within a food web, particularly those close
to shore, where the juvenile Atlantic Goliath Grouper reside. The individual outlier on the east
coast may have migrated from a west coast nursery, as rare instances (< 5%) have been observed
for individuals making migrations of those distances (Koenig et al. 2011a). In contrast, a larger
area of mangrove habitat, with a potentially different isoscape, exists on the west coast (Fig. 3.1).
Extensive mangrove habitat has been documented as the primary nursery habitat for Atlantic
Goliath Grouper (Eklund & Schull 2001, Koenig et al. 2007, Gerhardinger et al. 2009, Lara et al.
2009). The southwest coast of Florida is dominated by mangrove habitat that has been suggested
as the most densely populated nursery habitat for Atlantic Goliath Grouper in their range
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(Koenig et al. 2007, Koenig et al. 2011a).
The δ15N values associated with total length may have also been affected by differences
in ecosystem dynamics between the two coastal shelves. Previous studies have documented
advanced sexual maturity at shorter total lengths of several fish species in the eastern Gulf of
Mexico compared to other nearby regions (Gartner 1993). If this trend holds true for Atlantic
Goliath Groupers then we would not expect to observe a significant relationship between total
length and δ15N values on the west coast, because development within individuals would be
variable. The mechanism for this phenomenon of unpredictable development in the region is not
clearly understood, and warrants further investigation.
3.4.3 Implications and Significance
The chemical analysis of fin rays represents a powerful method to better understand lifehistory movements and trophic shifts of fishes. Moreover, this approach is non-lethal and uses
fewer samples than other, common techniques. These benefits help to promote a methodology
that can facilitate important studies on endangered fishes around the world, as exemplified here
with the Atlantic Goliath Grouper. Although a controlled laboratory experiment would be ideal
to test isotopic chronologies in fin rays of teleosts, such an experiment is not practical for longer
lived fishes. One viable alternative would be to test fin rays of fishes that have been in captivity
for an extended period of time. A direct comparison could be made between life history stages
that occurred in the wild versus those that occurred while in captivity. Unless the isotopic
background levels as well as the isotopic values of the food source were exactly the same, then
these two life history stages should differ within individual fishes. Our efforts here represent an
observational basis to justify such a study. Studies that examine life history processes via nonlethal sampling can be used in turn to influence management strategies by gaining a better
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understanding of age-specific characteristics of species of interest. Changes in such
characteristics over time are the result of altered movements, diet or both. This knowledge can
be used in turn to direct both habitat and community-level conservation practices.
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3.6 Tables
Table 3.1. Age, length and location of all samples of Atlantic Goliath Grouper, Epinephelus
itajara, included in the study.
Sample

Total Length

Age

Location

(cm)

(years)

West Coast

62

2

West Coast

83

4

East Coast

122

6

West Coast

112

6

East Coast

174

8

East Coast

146

8

East Coast

162

8

West Coast

120

8

West Coast

126

8

West Coast

145

8

West Coast

124

8

East Coast

157

9

East Coast

147

9

East Coast

162

9

East Coast

168

9

East Coast

178

9

West Coast

130

9

West Coast

151

9

64

East Coast

171

10

East Coast

180

11

East Coast

185

12

East Coast

182

12

East Coast

195

14

East Coast

200

14

West Coast

198

14

West Coast

190

16

West Coast

190

16

East Coast

197

18

West Coast

205

18

East Coast

211

19
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Figure Captions
Fig 3.1. Regions on the west and east coasts of Florida where Atlantic Goliath Grouper
(Epinephelus itajara) were sampled (gray); mangrove are shown in black (Florida Fish and
Wildlife Research Institute 2013).
Fig. 3.2. Separation of annuli from a cross section of a dorsal fin ray of Atlantic Goliath
Grouper, Epinephelus itajara. Dashed line in ‘A’ show where a rectangular section is taken from
the cross section. Solid lines in ‘B’ indicate excision lines separating individual annuli. Scale
bars represent 1 mm.
Fig. 3.3. Percent frequency distributions of age of Atlantic Goliath Grouper, Epinephelus
itajara, sampled from the east coast (gray, n = 17) and west coast (black, n = 13) of Florida.
Fig. 3.4. Procrustean superimposition plot of de-mineralized and control paired samples of fin
rays from Atlantic Goliath Grouper, Epinephelus itajara. The dimensions describe the rotated
data of the δ13C and δ15N values before and after transformation. The “scaled X” points are the
initial values of the rotated data, of each non-demineralized sample. Residual lengths indicate
the amount of difference between the samples.
Fig. 3.5. Mean (se) δ15N values for the annulus corresponding to age 4 in both young and old
Atlantic Goliath Grouper, Epinephelus itajara, from east and west coasts of Florida. Note
differences in mean δ15N values from fish sampled from the east and west coasts of Florida.
Fig. 3.6. δ15N values for all sampled annuli (one annulus = one data point) excised from dorsal
fin rays of all sampled Atlantic Goliath Grouper (Epinephelus itajara) from both east (n = 17;
open triangles) and west (n = 13; filled circles) coasts of Florida. Each line represents annuli
from a single individual. When the separation of individual annuli was not possible, the average
of the two was presented.
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Fig. 3.7. Mean (se) values of δ15N at age for west (filled circles) and east coast (open triangles)
Atlantic Goliath Grouper, Epinephelus itajara. The single outlier (open squares) from the east
coast is presented separately from the mean values for east coast fish. Trend lines represent the
average non-linear mixed effects model for each population.
Fig. 3.8. δ15N values of the outer-most annulus for both sample sets of Atlantic Goliath Grouper,
Epinephelus itajara. Isotopic values were plotted against length (A) and age (B) at time of
capture. δ15N was positively related to total length on both coasts, and age for east coast fish.
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3.7 Figures

Fig. 3.1. Regions on the west and east coasts of Florida where Atlantic Goliath Grouper
(Epinephelus itajara) were sampled (gray); mangrove are shown in black (Florida Fish and
Wildlife Research Institute 2013).
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Fig. 3.2. Separation of annuli from a cross section of a dorsal fin ray of Atlantic Goliath
Grouper, Epinephelus itajara. Dashed line in ‘A’ show where a rectangular section is taken
from the cross section. Solid lines in ‘B’ indicate excision lines separating individual annuli.
Scale bars represent 1 mm.
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Fig. 3.3. Percent frequency distributions of age of Atlantic Goliath Grouper,
Epinephelus itajara, sampled from the east coast (gray, n = 17) and west coast
(black, n = 13) of Florida.
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Fig. 3.4. Procrustean superimposition plot of de-mineralized and control paired samples of fin
rays from Atlantic Goliath Grouper, Epinephelus itajara. The dimensions describe the rotated
data of the δ13C and δ15N values before and after transformation. The “scaled X” points are
the initial values of the rotated data, of each non-demineralized sample. Residual lengths
indicate the amount of difference between the samples.
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Fig. 3.5. Mean (se) δ15N values for the annulus corresponding to age 4 in both young and old
Atlantic Goliath Grouper, Epinephelus itajara, from east and west coasts of Florida. Note
differences in mean δ15N values from fish sampled from the east and west coasts of Florida.
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Fig. 3.6. δ15N values for all sampled annuli (one annulus = one data point) excised from dorsal
fin rays of all sampled Atlantic Goliath Grouper (Epinephelus itajara) from both east (n = 17;
open triangles) and west (n = 13; filled circles) coasts of Florida. Each line represents annuli
from a single individual. When the separation of individual annuli was not possible, the
average of the two was presented.
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Fig. 3.7. Mean (se) values of δ15N at age for west (filled circles) and east coast (open
triangles) Atlantic Goliath Grouper, Epinephelus itajara. The single outlier (open squares)
from the east coast is presented separately from the mean values for east coast fish. Trend
lines represent the average non-linear mixed effects model for each population.
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Fig. 3.8. δ15N values of the outer-most annulus for both sample sets of Atlantic Goliath
Grouper, Epinephelus itajara. Isotopic values were plotted against length (A) and age (B) at
time of capture. δ15N was positively related to total length on both coasts, and age for east
coast fish.
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Chapter 4. Assigning nursery habitats in Atlantic Goliath Groupers (Epinephelus itajara)
using non-lethal analyses of fin rays
4.1 Introduction
Estuarine habitats have long been assumed to be important nurseries for many fishes and
invertebrates, based on the high abundances of juveniles observed associated with them (Beck et
al. 2003). However, the relative contribution of juveniles to the adult population, by way of
ontogenetic migrations, from a particular habitat is a more meaningful criterion for “essential
nursery habitats (ENH)”, than abundance alone (sensu Beck et al. 2001, Stoner 2003, Dahlgren
et al. 2006). ENHs are particularly relevant to recovering stocks of depleted species, as
recruitment success can be paramount to the persistence of their populations (Sheaves et al.
2006).
Until recently, the research on ENHs has been largely theoretical due to the difficulties
associated with tracking individuals throughout the course of their ontogenetic migrations (i.e.,
measuring movement between juvenile and adult habitat). Tagging studies that aim to quantify
the contributions of juvenile habitats are costly and limited in inference to the initial tagging
locations of individuals (Pine et al. 2003). Studies that use natural tags offer a viable alternative,
but still require the characterization of individual nurseries so that adults can be traced back to
where they came from (Gillanders et al. 2003). The ability to trace representative members of
the adult population to their juvenile habitats offers a quantifiable metric to assess ENH and can
direct the management of endangered species by suggesting preservation sites at nursery
grounds.
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The Atlantic Goliath Grouper (Epinephelus itajara) is critically endangered throughout
its range (Pusack and Graham 2009) and is extirpated in waters off western Africa (Craig et al.
2009). As a result of their exceptionally low abundances, a federal moratorium in the United
States has prohibited landings of the species since 1990 in US continental waters (primarily off
Florida). In the early 2000s, the E. itajara population in Florida waters began showing early
signs of recovery, initially off the southwest coast, and more recently throughout the state
(Koenig et al. 2011).
The ongoing recovery of E. itajara in Florida highlights the role that an ENH can play in
the restoration of a depleted population (Koenig et al. 2007). Post-larval juveniles of the species
settle into leaf litter in mangrove lagoons (Lara et al. 2009). They remain in the mangrove
ecosystem for the initial 4-7 years of their lives, where they typically inhabit deep undercuts and
submerged structure such as mangrove roots (Koenig et al. 2007). Indeed, the extensive and
intact mangrove habitat off the southwest coast of Florida (i.e., the Ten Thousand Islands region)
is the presumed ENH of the species and is thought to be largely responsible for its recovery
(Koenig et al. 2007). The Ten Thousand Islands (TTI) region neighbors the Big Cypress
National Preserve which prohibits development and limits anthropogenic impacts. As a result,
the mangrove habitat in the TTI has relatively high water quality (Fourqurean et al. 2003), which
may produce ideal conditions for the ENH of E. itajara. However the information currently
available regarding nursery use is based on tagging studies with tag returns of less than 5% for
juveniles that were tagged and then recaptured as adults (Eklund and Schull 2001, Koenig et al.
2011). Our work builds upon previous studies by establishing a non-lethal method using natural
tags to measure the contribution of juvenile habitats to the adult population.
Our objectives were to characterize the E. itajara juvenile habitats within the TTI region
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and the surrounding areas in order to measure future contributions to the adult population.
Specifically, we identified chemical indicators or “fingerprints” of juvenile habitats by sampling
multiple individuals within each location. Traditionally, the study of ontogenetic movements of
marine fishes has relied on otolith microchemistry (Gillanders and Kingsford 2000, Hobbs et al.
2010, Mercier et al. 2011), requiring sacrifice of the study organisms. However, due to the
endangered status of our study species, we employed a non-lethal and minimally invasive
technique to study microchemical trends among individuals as a proxy for ontogenetic
movements. Specifically, we identified the chemical fingerprints of juvenile habitats embedded
in fin rays of both juvenile and adult Goliath Grouper. Our approach was possible because the
annuli within the fin rays of E. itajara correspond to yearly depositions (Clarke et al. 2007,
Murie et al. 2009), which retain chemical properties over time (Tzadik et al. 2015).
4.2 Methods
4.2.1 Sample Collection and Study Area
We collected fin ray samples from 40 juveniles in southern Florida. Sampling occurred
during June through August, 2014 in the TTI region, Pine Island Sound, and the Lower Florida
Keys (Fig. 4.1). Due to the ENH-role previously suggested in the TTI region (Koenig et al.
2007, Lara et al. 2009), we focused more effort there compared to Pine Island Sound and the
Lower Florida Keys. Sampling sites within TTI were separated by watershed and drainage basin
(Fig. 4.1). Juvenile sites were characterized by subtidal structural relief. Most sites were natural
habitats (i.e., mangrove prop-roots or rock undercuts), but at least three sites were artificial (i.e.,
ship wreckage or concrete pilings). We also sampled 54 adults from known spawning
aggregations at offshore locations in southeastern Florida, during August through September,
2013, and an additional 11 samples were donated from collaborating fishermen. All adult sites
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were characterized by high structural relief, either natural or artificial.
4.2.2 Juvenile Sampling
Juveniles were captured using traps, set lines, and hand lines. Blue-crab traps (61 cm x
61 cm x 46 cm) were used based on previously documented success rates (Koenig et al. 2007).
They were made with coated-wire mesh with two funnels (proximal openings of 19 cm x 12.5
cm and distal openings of 18 cm x 7.5 cm) leading into the lower chamber and another two
funnels (both proximal and distal openings of 18 cm x 7.5 cm) leading into the upper chamber.
Traps were placed next to mangrove roots, primarily in low-current canals, and weighted using l
kg lead weights. Roughly two thirds of all traps were baited (using dead baitfish, e.g., Ariopsis
felis, Bagre marinus, Lagodon rhomboides, Orthopristis chrysoptera), while the remaining traps
were un-baited to test whether the structure of the traps alone would attract individuals.
Set lines were made using 14/0 or 15/0 circle hooks that were attached to 50 cm of 400kg
test monofilament. The monofilament sections were attached to 3-4 m of 0.16 cm stainless steel
cable with a 170 g weight to keep the line taught. The end of the cables were attached to an 8/0
gangion clip. Lines were baited with either live or dead A. felis, B. marinus, L. rhomboides, or
O. chrysoptera. We attached all lines to mangrove prop-roots in areas with deep undercuts and
high currents.
We used hand lines opportunistically in locations where set lines were not practical, such
as areas of exceptionally high currents or where water clarity allowed snorkelers to place the bait
in appropriate locations. Hand lines comprised a 15/0 circle hook and two 170 g weights
attached to 135 kg test monofilament that was wrapped around a hand reel. Hooks were baited
with either live or dead A. felis, B. marinus, L. rhomboides, or O. chrysoptera.
After capture, juveniles were tagged ventrally with individually numbered stainless-steel-
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core internal-anchor tags (Floy Tag Company) and measured for total length. We excised softdorsal fin-rays six and seven to maintain consistency with an ongoing companion study (Koenig
et al. 2015). Fin membranes on the anterior and posterior sides of the two rays were cut with a
knife to the base of the fin and then excised as close to the base as possible, using 15 cm cutting
pliers. Juveniles were never held out of the water for more than 3 minutes. We documented
100% survival during the sampling process.
4.2.3 Adult Sampling
Adults were captured using hand lines in collaboration with an ongoing companion study
to determine the age structure of E. itajara in Florida (Koenig et al. 2015). After capture, adults
were measured for total length, and tagged both externally (live-stock tag) and internally
(Passive Integrated Transponder). Again, we removed the soft-dorsal fin-rays six and seven in
the same manner as described for the juveniles. During sampling, ambient water was flushed
over the gills of each individual and a damp towel was placed over the eyes, due to longer
sampling durations than the juveniles (typically 5-10 minutes). Individuals were released
immediately following sampling and a survival rate of nearly 100%2 was documented (Koenig et
al. 2015).
4.2.4 Fin Ray Analysis
Immediately after excision, fin rays were bagged, labelled, and stored on ice. Samples
were stored in a freezer at -20⁰ C until further processing. Fin rays were thawed by removing
them from the freezer and then immediately placing them in a drying oven for 3 hours at 55⁰ C.
Once thawed, the fat, membrane, and muscle tissues were removed using rubber-tipped forceps.
We then soaked the rays in trace-metal grade 30% hydrogen peroxide (H2O2) for 5 minutes to
2

A single adult fish (out of over 700) that was in extremely poor health prior to being captured may have died after
sampling and release.
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loosen any remaining tissues, which were removed using rubber-tipped forceps and paper towels.
Once cleaned, each ray was attached to a petrographic microscope slide using the
adhesive, CrystalbondTM (SPI Supplies, Westchester, Pennsylvania, USA). Two cross sections,
each 0.5 mm, were cut from the ray as close to the base as possible, using a Beuhler IsoMetTM
slow-speed saw (Beuhler, Lake Bluff, Illinois, USA). We used one cross section for aging, and
the other for chemical analysis. Cross sections did not typically require polishing to expose the
annuli, but when needed, we did so using 800-grit wet sandpaper. Cross sections were aged by
two separate readers. If there was disagreement between age estimates, a third reader would
verify the age. All adult samples were also sent to the age and growth lab at the University of
Florida, for additional age verification. The second set of cross sections from each sample were
mounted on petrographic slides using CrystalbondTM, and the samples were sonicated in
ultrapure Milli-QTM water for 5 minutes. After sonication, samples were air dried for 24 hours in
a class 100 laminar flow clean hood. These sections were attached to acid-washed petrographic
slides so that roughly 20 samples were attached to a single slide. We then analyzed the trace
element constituents in each sample sequentially during a single run, in the inductively coupled
plasma mass spectrometer via laser ablation (LA-ICP-MS).
We targeted a sequence of replicate spot scans (n = 3) of 64 μm diameter, at the outermost annulus for juvenile samples and the annulus corresponding to the year 2006 in the adult
samples. The year 2006 was chosen for analysis as the majority of the adult samples were
presumed to still be in their nursery habitats at that time, based on their ages. All samples were
assayed in an Agilent Technologies 7500 ICP-MS coupled with a Photon Machines Analyte 193
excimer UV laser ablation system. The laser system operated at a wavelength of 193 nm and a
set point of 7.0 mJ. Fin ray ablations were conducted with 86% power, a 5 Hz frequency, and a
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64 μm spot size. Background levels were collected for 60 seconds in between each spot scan.
We used a single glass standard (NIST 612) with known isotopic compositions to calibrate the
instrument. The NIST 612 standard was analyzed prior to and after each sample slide. We also
analyzed the standard after every two samples to account for instrument drift. Measurements
were made for 26 unique isotopes3 to quantify the trace elemental compositions within the
structure. An internal standard is essential to these measurements due to biases in yield that are
apparent during the ablation process over an irregular surface such as bone. Calcium (Ca) was
used as the internal standard due to its abundance and stoichiometric consistency in
hydroxyapatite (Wopenka and Pasteris 2005). During a prior analysis using solution-based
methods (SB-ICP-MS), Ca concentrations in fin rays were measured via digestion in
polypropylene vials at 180⁰ C with 16 N HNO3 for 2 hours. Samples were diluted with 2%
HNO3. These solutions were then quantitatively analyzed in the ICP-MS to obtain Ca
concentrations. Drift of the SB-ICP-MS was monitored and corrected using the internal
standard, scandium (Sc). The calibration line measured from 5 to 50 ppm for Ca. Based on our
previous analysis, Ca concentration was measured as 27.5% of the molecular weight of fin rays.
The Agilent Technologies Instrument control software was used for raw data collection.
Isotopic values of each element of interest were recorded as counts per second. These counts
were then converted to concentration (ppm) using Matlab version R2015a with functions created
in the Fathom Toolbox for Matlab (Jones 2014). We used the ppm values in all subsequent
analyses.
4.2.5 Statistical Analyses
We classified juvenile samples according to the location in which they were captured to
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test whether we could reassign them based on their chemical properties. Two separate groupings
were created based on relevant spatial scales; 1) sites separated by 100’s of meters (hereafter
“small scale”) and 2) sites separated by 10’s of kilometers (hereafter “large scale”). Sites with
less than three individuals were discarded due to the small sample sizes. Given that absolute
concentrations of elements naturally varied by up to three orders of magnitude, we standardized
them to z-scores to equally weight them (Legendre and Legendre 2012). All variables with
measurements that were below the limits of detection were removed prior to further analysis. In
order to test and visualize the differences among groups at each spatial scale, we used a
canonical analysis of principal coordinates (CAP), based on a Euclidean distance matrix
(Anderson and Willis 2003). The CAP generated a leave-one-out (LOO) cross-validation matrix,
and we used a proportional chance criterion (PCC) to assess the performance of the CAP model
and the probability that it performed better than a null model generated by random chance
(Morrison 1969). Indicator values were calculated for elements with significant influences (i.e.,
α < 0.05) on the groupings via the indicator value method (IndVal) (Dufrene and Legendre
1997).
For adults, we calculated a dissimilarity matrix for all samples because their nursery
locations were unknown. A similarity profile analysis (SIMPROF) based on Ward’s minimum
variance method (Ward’s Cluster Analysis) and a Euclidean distance matrix was implemented
via the dissimilarity profile analysis (DISPROF) function in the Fathom Toolbox (Jones 2014).
The DISPROF identified groups that were formed based on the dissimilarities of elemental
compositions among individuals (Clarke et al. 2008). The IndVal method was used to evaluate
the indicator elements for each grouping. We then excluded the 12 individuals with the highest
strontium (Sr) values from further analysis as these individuals were assumed to have already
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emigrated from their nursery habitats. A natural break existed at one standard deviation above
the mean, between the 12 highest Sr values and the remaining samples. High Sr values are
representative of high salinity water and thus individuals with the highest Sr values were
presumed to have moved out of their nursery habitat by the year 2006, and therefore not
representative of the juvenile habitats of interest (Elsdon and Gillanders 2003). Residency times
in the nursery habitats for E. itajara is thought to be driven by size rather than age (Koenig et al.
2007). The highest Sr values were therefore assumed to represent a subset of individuals that
had already immigrated to adult habitats.
Last, we used a random forest analysis on the remaining adult samples to model the
relationship among elemental concentrations in fin rays and the DISPROF groups, while also reclassifying unknowns to assess the accuracy of the model (Breiman 2001, Cutler et al. 2007,
Mercier et al. 2011). The random forest was used to model the response variable (i.e., group) as
a function of the predictor variables (i.e., elemental concentrations). The forest itself was a
collection of unique classification trees, each originating from a root node of a bootstrapped
training dataset derived from the original observations. Data from each root node were
successively divided into progressively smaller and more homogenous nodes (i.e., branches). At
each node, a random set of predictor variables was analyzed to find the one that minimized the
sum-of-squared errors among the remaining observations, which was then used to split the data.
Trees were grown until the data at the terminal nodes could not be split into more homogenous
groups. Once the trees were grown, fitted values of the categorical variable were assembled
from their terminal nodes and voted on to produce the final predicted response of the forest. For
the adult samples, we used a non-linear random forest model instead of a linear CAP model due
to the better fit of the data.
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4.3 Results
Age estimates based on the cross sections of fin rays, ranged from 2.0 to 6.2 years old for
juveniles (median = 4.2) and from 5.0 to 14.0 years old for adults (median = 10.0). Total lengths
ranged from 33.2 cm to 124.0 cm for juveniles (median = 62.0 cm) and from 122.0 cm to 222.0
cm for adults (median = 171.0). In the present study, we classified fish by habitat (juveniles in
mangroves and adults on offshore reefs) instead of by age or total length.
During the juvenile sampling effort, catch per unit effort (CPUE) was highest for hand
lines with live bait and lowest for un-baited traps (Table 4.1). CPUE of set lines increased by
over 100% when live bait was used instead of dead bait. Of the two most abundant bait types
(i.e., A. felis and L. rhomboides), A. felis had over twice the catch rate as L. rhomboides.
4.3.1 Chemical Fingerprints in Juvenile Habitats
When juveniles were grouped on a small spatial scale, 11 unique areas were assigned
based on capture location. Of these 11 areas, five were not included in further analyses due to
low sample size (i.e., less than three individuals at the sample site). When divided into the
remaining six groups, the data from the juvenile fin rays were classified correctly 63.64% of the
time with the output model created by the CAP (as compared to 18.09% by the PCC null, p =
0.001). Locations as close as 200 m were distinguished to be different by the CAP, and were
largely influenced by the relative concentrations of cobalt (Co) and barium (Ba) (Fig. 4.2 and
Table 4.2).
When the same juveniles (i.e., those used in the small scale analysis) were categorized
into groups on the larger spatial scale, three areas were geographically identified. These three
groupings comprised two sites within TTI and a third from the lower Florida Keys. The
classification success rate for the output model produced by the CAP was 100% (as compared to
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42% by the PCC null, p = 0.001). Groupings at this spatial scale were precise with no apparent
among-group overlap (Fig. 4.3). The primary drivers of these classifications were Co and
Manganese (Mn) (Table 4.3). The majority of sites in the TTI region grouped together (largely
driven by iron; Fe), while those from two southern TTI sites in Pumpkin Bay grouped on their
own (driven by zinc; Zn, Ba, and magnesium; Mg). A third group was identified as samples
from the Florida Keys and was characterized by elevated levels of tin (Sn).
4.3.2 Nursery Habitats of Adults
The DISPROF clustering method identified four significant groups (p < 0.05) from the
adult samples (Fig. 4.4). These groups varied in size (i.e., n = 25, n = 23, n = 13, n = 4) and all
individuals that were subsequently removed due to high Sr values came from a single group (Fig.
4.4, Group B). The output model produced by the random forest clustered samples with a
classification rate of 84.62% (as compared to 31.73% by the PCC null, p = 0.001) and was
significantly driven by six elements, Mn, Fe, Sr, Sn, Ba, and lead (Pb) (Fig. 4.5 and Table 4.4).
4.4 Discussion
Juvenile habitats of E. itajara can be accurately distinguished in the state of Florida using
the microchemical analyses of fin rays. The chemical fingerprints that were incorporated into
the fin rays of E. itajara, acted as natural tags that allowed us to track specific locations where
individuals were sampled. The use of these natural tags may be used to augment tagging studies
that commonly suffer from minimal return rates. Using a baseline of chemical fingerprints
(composed of juvenile fin-rays, sampled yearly), individuals of unknown origins can be
classified by nursery location. The data presented here represent the first baseline for future
assessment purposes.
The current application of our methodology was used to identify and characterize
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juvenile habitats for E. itajara. However, the methods are applicable to studying movements and
ontogenetic migrations in other fishes. Indeed, our methods were largely derived from studies
which tracked movements in diadromous fishes over long periods, in some cases over 30 years
(Allen et al. 2009, Jaric et al. 2012). Due to the preservation of chemical properties as
previously documented in fin rays, we hypothesize that juvenile habitats can be assigned to
species of interest over long time periods.
4.4.1 Chemical Fingerprints of Juvenile Habitats
Juveniles were distinguishable at two spatial scales. At the small spatial scale, the
relatively high correct classification rate demonstrated that the chemical fingerprints in our study
system were derived even for closely located sites. Indeed, individuals from two sites (groups 1
and 2 in Fig. 4.2) that were separated by only 157 m (Fig. 4.1) were distinguishable based on the
concentrations of trace elements in their fin rays. Most trace elemental concentrations in the
body parts of fishes are thought to derive primarily from ambient water chemistry (Kerr and
Campana 2014), and previous tagging studies have clearly demonstrated extremely high site
fidelity of juvenile E. itatjara at similarly small spatial scales (Eklund and Schull 2001, Koenig
et al. 2007, Koenig et al. 2011). Thus, the differences in fin-ray chemistry may have derived
directly from differences in ambient water chemistry at these two sites. The high indicator value
for Ba in the division between the two sites may suggest that it was driven in some part by
haloclines in the mangrove lagoons, particularly as Ba is derived almost exclusively from the
ambient water as opposed to diet (Walther and Thorrold 2006). Regardless of mechanism, the
presence of small-scale microhabitats may have some utility for informing management (e.g.,
determining boundaries of nursery reserves), and the life history of E. itajara. Sequential
microhabitat use and strong site fidelity occur in the juvenile phases of other estuarine fishes
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(e.g., Brame et al. 2014) and have been suggested for E. itajara based on observational and
tagging studies (Koenig et al. 2007, Lara et al. 2009). Using natural tags in fin rays, future
studies can expand upon current knowledge of microhabitat use of E. itajara in its juvenile
phase.
The groupings that formed at the large spatial scale, which had reclassification accuracy
of 100%, are likely more relevant for management and conservation purposes under most
circumstances. The mechanisms that drive different chemical fingerprints on this scale are more
interpretable than on a small scale (due to a stronger signal-to-noise ratio), and may be directly
influenced by both natural and anthropogenic processes in the vicinity.
The larger TTI group was largely driven by Fe concentrations (Fig. 4.3), which are
physiologically regulated (Gauldie and Nathan 1977). Importantly, the larger TTI group is not
characterized by elements with anthropogenic sources (e.g., Zn, Cu), suggestive of habitats with
minimal anthropogenic influences. In contrast, the combination of elements from the samples
collected at Pumpkin Bay may have resulted from the upstream water source, the Faka Union
Canal, which is dredged and has heavy boat traffic (Browder et al. 1986). Indeed the
downstream water of the two bays that neighbor Pumpkin Bay (i.e., Faka Union Bay and
Fakahatchee Bay), as well as that in Pumpkin Bay, is influenced by the outflow of the Faka
Union Canal (Browder et al. 1986). The Faka Union Canal effectively starts at a dam location
that traps freshwater from the Everglades which periodically flushes into the canal. The dam
location also houses a marina and a frequently-used boat ramp. The freshwater input could
contribute to the high concentrations of Ba, while the heavy boat traffic could contribute to the
elevated levels of Zn and Mg (commonly used as sacrificial anodes on engines).
The elements that were characteristic of the group from the Florida Keys may be
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reflective of heavy boat traffic in the area as Sn is a common alloy used in the forging of
industrial metals, particularly aluminum, a common material used in the maritime industry (Li
and Feng 2003, Yan et al. 2013, Naeem et al. 2014). High levels of Sn may also result from use
of illegal anti-fouling agents containing the element in the region, even though such agents
(primarily tributyltin) have been banned in the United States for several decades (Yebra et al.
2004).
4.4.2 Adult Stock Origins
Five of the 6 significant indicator-elements that clustered the adult samples (i.e., n = 53)
were the same between the adult and juvenile analyses, possibly suggesting a similar mechanism
of elemental substitution and retention (Tables 4.2, 4.3 and 4.4). Pb, which is often associated
with fuel docks (Alejandra Duarte et al. 2012), was the only element unique to the adult analysis,
possibly as a result of individuals living under fueling stations. Three other groups were evident
from the random forest classification of the adults. One was characterized by the abundance of
Sr and Sn, a second by Ba and Mn, and a third group by lower abundances of most of the
elements tested. The lack of a baseline from 2006 (i.e., fin rays from juveniles sampled in
nursery habitats from that year) precludes the possibility of re-classifying adults into their
nursery habitats. However the grouping of adults, as influenced by nearly the same elements as
the juveniles in 2014, suggests that the technique may be used to re-classify adults in future
cohorts.
4.4.3 Conclusions and Implications
The technique used in the current study can be used to study ENHs of endangered fishes
and others of management concern. The present study is the first of which we are aware to use
fin rays to establish a baseline of chemical fingerprints with the objective of discerning ENH in a
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marine fish. Future applications include long-term monitoring projects that could be used to reclassify members of adults stocks into their nursery habitats. Chemical fingerprints can act as
natural tags and are imprinted onto every individual in a population, thereby increasing inference
to the entire population, rather than only the ones with implanted tags. Specific to our study,
managers in roughly five years should be able to assign individuals to their nursery habitats
among the northern TTI bay system, the Faka Union Bay system (i.e., Pumpkin Bay, Faka Union
Bay and Fakahatchee Bay), and the Lower Florida Keys, giving them the tools they need to
begin to evaluate ENH for E. itajara in the state of Florida.
This framework has utility for managers, stock assessors, and researchers who aim to
determine the origins of stocks for the implementation of fishing regulations and the
interpretation of nursery use. Similar techniques, using otoliths, have been used for the same
purposes, but require lethal sampling. The use of fin rays allows for non-lethal sampling, and
can be used similarly as otoliths to delineate among nursery habitats. The process outlined in the
current study is particularly relevant for recovering stocks, such as E. itajara, that must depend
on their ENHs to help populate and rebuild the population.
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4.6 Tables
Table 4.1. Catch of juveniles of E. itajara by gear type. Catch per unit effort (CPUE) values are
presented for landed fish (i.e., “E. itajara only”) and for presumed removal by E. itajara.
Presumed removals included empty hooks, straightened hooks and snapped lines. Based on the
fish community at the sample sites, E. itajara were the most likely to produce those results.
Gear Set Up

CPUE (Presumed)

CPUE (E. itajara Only)

Live Bait Set Line

0.100

0.025

Dead Bait Set Line

0.076

0.009

Baited Trap

N/A

0.001

Unbaited Trap

N/A

0.001

Hand Line with Live Bait

0.285

0.104

Set Line with Live A. felis

0.114

0.027

Set Line with Dead A. felis

0.060

0.011

Set Line with Live L. rhomboides

0.054

0.018

Set Line with Dead L. rhomboides

0.115

0
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Table 4.2. Indicator values for the significant elements when juvenile samples were grouped on
a small spatial scale. IndVal = Indicator Value, P-Value = Significance based on 1000
permutations.
Atomic
Element

Weight

IndVal

P-Value

Li

7

22.59

0.001

Na

23

20.4

0.001

Mg

24

19.09

0.001

V

51

31

0.013

Fe

57

19.65

0.001

Co

59

31.73

0.001

Zn

64

22.49

0.004

Rb

85

22.41

0.009

Sr

88

18.13

0.026

Ba

137

26.98

0.005
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Table 4.3. Indicator values for the significant elements when juvenile samples were grouped on
a large spatial scale. IndVal = Indicator Value, P-Value = Significance based on 1000
permutations.
Atomic
Element

Weight

IndVal

P-Value

Na

23

38.03

0.003

Mg

24

35.5

0.016

Mn

55

44.99

0.014

Fe

57

39.2

0.001

Co

59

69.32

0.001

Zn

64

40.72

0.007

Ba

137

43.27

0.029
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Table 4.4. Indicator values for the significant elements when the adult samples were grouped.
IndVal = Indicator Value, P-Value = Significance based on 1000 permutations.
Atomic
Element

Weight

IndVal

P-Value

Mn

55

30.05

0.033

Fe

57

18.14

0.029

Sr

88

17.68

0.006

Sn

118

26.64

0.010

Ba

137

30.62

0.006

Pb

208

27.36

0.045
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Figure Captions
Fig. 4.1. Map of sampling locations for juveniles in southwestern Florida, with a diagram of the
life history of Goliath Groupers (inset). After a pelagic larval phase, post-larval stage juveniles
settle into the mangrove system remaining there for up to seven years, then migrating out to adult
habitat, typically an offshore location with high structural complexity. Numbers on the map
correspond to sample sites for fig. 4.2. The large “X” represents the sampling location of adults
in southeastern Florida.
Fig. 4.2. The canonical analysis of principal coordinates (CAP) for juveniles that were analyzed
on a small spatial scale. The length of each vector corresponds to its relative importance in
grouping individuals in the direction in which it is pointing. Correlation vectors directly
correlate and are proportional to the ordination plot. Site numbers correspond to those presented
in Fig. 4.1.
Fig. 4.3. The canonical analysis of principal coordinates (CAP) for juveniles that were analyzed
on a large spatial scale. The length of each vector corresponds to its relative importance in
grouping individuals in the direction in which it is pointing. Correlation vectors directly
correlate and are proportional to the ordination plot. Site labels run from north to south, (i.e., T =
TTI northern bay system, sites 1, 2 & 3; P = Pumpkin bay system, sites 4 & 5; K = Lower
Florida Keys, site 6).
Fig. 4.4. A DISPROF-based cluster analysis for the adult samples in the study. Solid lines
indicate significant divisions for classification. These groupings were used in the subsequent
random forest.
Fig. 4.5. Adults that were analyzed via a random forest from Fig. 4.4. The length of each vector
corresponds to its relative importance in grouping individuals in the direction in which it is
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pointing. Correlation vectors directly correlate and are proportional to the ordination plot.
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4.7 Figures

Fig. 4.1. Map of sampling locations for juveniles in southwestern Florida, with a diagram of the
life history of Goliath Groupers (inset). After a pelagic larval phase, post-larval stage juveniles
settle into the mangrove system remaining there for up to seven years, then migrating out to adult
habitat, typically an offshore location with high structural complexity. Numbers on the map
correspond to sample sites for fig. 4.2. The large “X” represents the sampling location of adults
in southeastern Florida.
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Fig. 4.2. The canonical analysis of principal coordinates (CAP) for juveniles that were analyzed
on a small spatial scale. The length of each vector corresponds to its relative importance in
grouping individuals in the direction in which it is pointing. Correlation vectors directly
correlate and are proportional to the ordination plot. Site numbers correspond to those presented
in Fig. 4.1.
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Fig. 4.3. The canonical analysis of principal coordinates (CAP) for juveniles that were analyzed
on a large spatial scale. The length of each vector corresponds to its relative importance in
grouping individuals in the direction in which it is pointing. Correlation vectors directly
correlate and are proportional to the ordination plot. Site labels run from north to south, (i.e., T =
TTI northern bay system, sites 1, 2 & 3; P = Pumpkin bay system, sites 4 & 5; K = Lower
Florida Keys, site 6).
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Fig. 4.4. A DISPROF-based cluster analysis for the adult samples in the study. Solid lines indicate significant divisions for
classification. These groupings were used in the subsequent random forest.
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Fig. 4.5. Adults that were analyzed via a random forest from Fig. 4.4. The length of each vector
corresponds to its relative importance in grouping individuals in the direction in which it is
pointing. Correlation vectors directly correlate and are proportional to the ordination plot.
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Chapter 5. Conclusions
The research presented in this dissertation examined life-history information on diet
and movement patterns in Goliath Groupers in the state of Florida via the use of a novel
technique. Specifically, the microchemical analyses of fin rays tested the different trends of
diet and habitat use among locations via non-lethal sampling techniques. My research
highlights different patterns between the west and east coasts of Florida, as well as the juvenile
habitats in the southwestern part of the state. The information presented in this dissertation
can be taken into account as management strategies are re-evaluated in the near future.
In Chapter 2, I found that fin rays retained their chemical properties over time. Both
the organic and inorganic matrices of fin rays had properties that were suggestive of
conserved matrices. By using a pseudo-experimental design, I evaluated the timing of
changes in chemical trends over time. The most parsimonious explanation for the change in
both isotopic values, as well as trace element concentrations, was that background levels in
ambient water conditions differed between the wild and captive environments in which these
fishes were living, and that these properties were retained within the chemical matrices. The
trends observed in this chapter were particularly encouraging due to their implications for
Chapters 2 and 3. The use of fin rays as a non-lethal alternative for microchemical analyses
was justified based on the results from this study.
In Chapter 3, I compared trends and overall values of δ15N records in adult Goliath
Grouper populations between the west and east coasts of Florida. Both the trends and the
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overall values over time differed between the two populations. While the mechanism behind
these differences remained unclear, I speculated that the vast contrast in human populationdensities between the two coasts may have played a large role. The estuarine and nearshore
areas along the east coast have heavy influxes of treated sewage due to the much denser
human population. These influxes may have increased background δ15N values at the base of
the food web (as suggested by LaPointe 2005a, 2005b) on the east coast that would have led
to the differences in both trends and magnitude in the values that I observed.
In Chapter 4, I differentiated juvenile habitats of Goliath Groupers based on the
elemental fingerprints found in their fin rays. In addition, I observed the same elements
driving differences in the presumed juvenile phase of adults. The groupings based on similar
elemental drivers were encouraging as I expected the same elements to drive the analyses in
future projects. The objective of this chapter was to create a baseline for future use by
researchers and managers. The results from this study presented evidence that such a baseline,
both currently exists, and may be used to identify essential nursery habitats for adult Goliath
Groupers once the juveniles from 2014 have reached sexual maturity and have joined the
spawning population (beginning in the year ~2020).
The ongoing recovery of the Goliath Grouper population in the state of Florida is an
encouraging result of management and conservation practices that protected the species and
their habitats across their entire life histories. As the population continues to rebound,
managers will need to continue to learn about the nuances of the Goliath Grouper life history
to implement successful strategies. My study provides a novel and effective protocol for
studying aspects of the life history of the Atlantic Goliath Grouper that had previously
remained elusive or logistically challenging to study. Although my work largely focused on
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Goliath Groupers, the techniques are applicable to other species. Considering that the
management of marine stocks presents its own unique challenges, scientists will need to
continue to think outside the box to gather necessary information to inform managers so that
sound strategies can be implemented.
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Appendix A. A Preliminary analysis to test stable isotope values over time in the fin rays
of groupers

Prior to the projects presented in the preceding chapters, I conducted a preliminary study
to measure the δ15N values over time among three grouper species. Due to the preliminary
nature of the study, a small sample size was deemed appropriate (N=10). The study used three
grouper species that presumably have different life histories to test whether δ15N values were
representative of the life stages over time. All samples were collected and donated by the
Florida Fish and Wildlife Research Institute from June to August, 2012. The sample set included
three Red Groupers, Epinephelus morio, three Gag, Mycteroperca microlepis, and four Goliath
Groupers, Epinephelus itajara. The processing and analysis of fin rays for each sample were
similar to the procedures as described in Chapters 2 and 3. The only methodological difference
in the preliminary study was that only three or four segments (comprising a single annulus) per
fin ray were tested for δ15N values. Thus the beginning, the end, and one or two midpoints were
measured for each fish. Values of δ13C were not analyzed due to contamination from
Crystalbond©, a carbon-based polymer.
The patterns of δ15N values over time differed among the three species (Fig. AA1). The
data presented here are averages of all individuals tested, but the trends were consistent
throughout. Overall, the δ15N values of Red Groupers changed very little over time, averaging
δ15N values of 9.2 throughout the lifetime of the fish. In contrast, both the Gag and Goliath
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Groupers had noticeable trends in each individual tested. The δ15N values of Gag tended to start
high (i.e., δ15N = 10.17) and then drop during the middle of the fish’s life (i.e., δ15N = 9.05) and
then became high again towards the end of the record (i.e., δ15N = 10.29). The δ15N values of
Goliath Grouper consistently started out very low and then rose quickly until they arrived at an
asymptote (i.e., δ15N = 12). The four Goliath Grouper samples that were used for the
preliminary study were also used in the study that was presented in Chapter 3.
The patterns observed in the δ15N values over time within each species may represent the
trophic patterns that have been documented to the unique life history of each species. The three
Red Grouper that were analyzed in this study did not exceed 500 mm standard length, a size at
which they typically alter their diet to include higher trophic-level prey (Moe 1969). Thus the
similar δ15N values among data points may be suggestive of a similar diet throughout their
lifetimes. In contrast, Gag life history stages include a post-larval phase in seagrasses followed
by a migration to shallow reefs and culminating in a move to larger reefs (Heppell et al. 2006).
The trend observed in δ15N values for adult Gag may reflect this change in habitat use as diets
would also differ between life stages. In seagrasses, juvenile Gag act as piscivores, feeding at
high trophic levels several months after settlement (Ross and Moser 1995). When they move out
to small, inshore reefs, they are exposed to high levels of both intra- and inter-specific
competition from larger individuals, and may be forced to alter their feeding behaviors. Once
they get big enough, they will once again resort to a fully piscivorous diet, thereby feeding at
higher trophic levels once again. The case of the Goliath Grouper is slightly different in that the
trophic pattern observed over time may be representative of gape size (Scharf et al. 2000). The
trend in δ15N values is similar to the growth pattern in Goliath Groupers and may have simply
resulted from increasing gape sizes.
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The sample size of this study was extremely low (N=10), and thus not representative.
The discussion points made above are purely speculative and need much more follow up work to
adequately test. At the time of the analysis, the trends observed were encouraging enough to
pursue further research in the area (Chapters 2 and 3). The results presented in this appendix
warrant further investigation based on the outcomes from Chapters 2 and 3.

Fig. AA1. δ15N values over time for representative samples of each species tested. Average
values were not presented due to inconsistent ages among individuals.
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Appendix B. A post hoc analysis on trace element concentrations in ambient water

I conducted a post hoc analysis to follow up on the results from Chapter 4. The
separation of groups on small scales in the study was surprising and warranted further
investigation. Some of the sites that separated based on chemical fingerprints were not only very
close together (i.e., less than 200 m), but also hydrodynamically linked. Indeed, two sites (site 1
and 2 in Chapter 4) were merely the different sides of a bend in the same canal, and only
separated by 157 m. Despite their similarities and proximity, fish from sites 1 and 2 were
correctly classified by the CAP analysis between 60-62.5% of the time. Because the chemical
differences were thought to derive from differences in ambient water conditions, I tested the
chemical concentrations in the water among four of my sample sites from the small scale
analysis.
Water samples were collected in two separate 8,500 mL Teflon© bottles from the bow of
the boat at sites in the Ten Thousand Islands in June, 2015. The boat motor remained in neutral
while the bow was positioned into the oncoming current to minimize contamination from the
boat. Water samples were put on ice and kept refrigerated until further analysis. Once in the lab,
water samples were filtered and aliquoted to concentrate the analytes of interest. The samples
were then analyzed, in replicate, via ICPMS-SB as described in Chapter 4. The resulting
concentrations were standardized and then analyzed for differences via the same Disprof
procedure as described in Chapter 4. Once the unique groups were identified, I ran an IndVal
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analysis to test which elements were driving the differences among groups.
Each site was characterized by unique chemical fingerprints (p = 0.001) that were
identified by the Disprof analysis (Fig. AB1). The only two samples that did not separate via the
Disprof procedure were two samples that both came from site 2. The elements with significant
indicator values (p < 0.05) in the separation among groups are presented in table AB1.
Water samples were collected at a single time in a single location. The results presented
here are not meant to be representative of trends over time in the water or the chemical
compositions in juvenile Goliath Groupers. The study was simply conducted to test whether the
trace elements in the water masses differed. The trace elements tested did differ among sites at
the time of testing, but cannot be considered as representative samples. The results of this study
represent an encouraging post hoc analysis to the work from Chapter 4. A much longer-term
monitoring program is necessary to adequately test whether the water masses truly differ from
each other with respect to chemical fingerprints. The results from Chapter 4, coupled with those
presented here are suggestive of differences, but further testing is necessary.
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Table AB1. Indicator values for the significant elements (p < 0.1) of the groupings observed
from the Disprof analysis. The similarities in p-values and large IndVal values may have
resulted from the low sample size (N = 10), among many groups (i.e., 4). IndVal = Indicator
Value, P-Value = Significance based on 1000 permutations.
Atomic
Element

IndVal

P-Value

Weight
Li

7

3746.9

0.088

Na

23

375.57

0.088

Mg

24

277.81

0.088

V

51

106.62

0.088

Zn

64

421.81

0.088

Rb

85

257.54

0.088

Sr

88

344.86

0.088

Cd

114

161.34

0.088

Ba

137

5233.3

0.088

Pb

208

1725.6

0.088
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Fig. AB1. A Disprof-based cluster analysis for the water samples from Ten Thousand Islands.
Site numbers correspond to those presented in Chapter 4. Solid, black lines indicate significant
divisions (p < 0.05) for classification. Grey lines indicate non-significant linkages.
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